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ABSTRACT
Water Condensation and Protein Adsorption on Hybrid
Superhydrophobic-Hydrophilic Surfaces
by
Bikash Mondal
Adviser: Professor Alan M Lyons
This thesis describes the study of protein adsorption and water condensation on hybrid
superhydrophobic-hydrophilic surfaces for various technological applications such as
diagnostics, artificial organs and medical devices, water collection, and heat transfer.
In the chapter 1, a general introduction to wetting theories, superhydrophobic surface,
and hybrid surfaces is given. In chapter 2, design and fabrication of a hybrid superhydrophobic
surface for studying dropwise condensation and heat transfer is discussed. Effect of surface
chemistry and wettability on protein adsorption is discussed in the chapter 3. Finally, in chapter
4, the protein adsorption study on hybrid superhydrophobic surfaces made by 3D-printing and
subsequent coating of the surface with modified silica nanoparticles to understand the effect of
surface roughness and wettability on protein adsorption is described.
Condensation of water vapor is an essential process in power generation, water
collection, and thermal management. Because of the high surface energy of the metal surfaces,
filmwise condensation of water vapor occurs, forming a static, thermally insulating film.
Numerous efforts have been made to create surfaces that promote dropwise condensation;
however these efforts result in thermally insulating layers or degrade over time. Nature provides
an alternative approach. The Namib beetle (Stenocara gracilipes) has a carapace that collects
water by promoting dropwise condensation on raised hydrophilic regions which then roll off and
iv

slide along the hydrophobic surface. We designed and fabricated a hybrid superhydrophobichydrophilic surface to mimic, and improve upon, this behavior. An array of hydrophilic needles,
thermally connected to a heat sink, was forced through a robust superhydrophobic polymer film.
Condensation occurs preferentially on the needle surface due to differences in wettability and
temperature. As the droplet grows, the liquid drop on the needle remains in the Cassie state and
does not wet the underlying superhydrophobic surface after 5 days of testing. The water
collection rate on this surface was studied using different surface tilt angles, needle array pitch
values and needle heights. Water condensation rates on the hybrid surface were shown to be 4
times greater than for a planar copper surface and twice as large for hydrophobic silicon or
superhydrophobic surfaces without hydrophilic features. A convection-conduction heat transfer
model was developed; predicted water condensation rates were in good agreement with
experimental observations. This type of hybrid superhydrophobic-hydrophilic surface with a
larger array of needles could be used for heat transfer and water collection applications.
In chapter 3, we study the effect of surface chemistry and wettability on the adsorption of
proteins with the goal of designing protein repellent, biocompatible, surfaces for medical
devices, diagnostics, pharmaceutical and food processing applications. To this purpose oxidized
silicon wafers were modified to render them either hydrophilic or hydrophobic. Hydrophilic
surfaces with different surface chemistry were prepared by attaching: a) polyethylene glycol
silane (PEG) or b) a zwitterionic siloxane (sulfobetaine siloxane; SBS) to the oxide surface.
Hydrophobic surfaces were prepared by coating the silicon oxide surface with: a) methyl
terminated polydimethyl siloxane (PDMS), or b) a chemical vapor deposition of dimethyl
dichlorosilane (DMDCS). Prepared surfaces were characterized by contact angle goniometry and
X-ray photoelectron spectroscopy (XPS). Surfaces were exposed to protein solutions of bovine
v

serum albumin (BSA), fibrinogen, and lysozyme. The protein adsorption on the prepared
surfaces were studied as a function of time using confocal fluorescence microscopy (CFM), XPS
and contact angle (CA) measurement techniques. Maximum protein adsorption was observed on
clean, unmodified hydrophilic silica surfaces (CA ~ 4°). Almost no protein was observed on
PEG- and SBS-coated hydrophilic surfaces as indicated by CFM and XPS. Intermediate amounts
of protein adsorption were observed on hydrophobic surfaces. Protein absorption was shown to
change the wettability of the surface as measured by changes in CA. PEG- and SBS-modified
surfaces showed almost no change in CA, which indicated little or no protein adsorption. Coating
of a hydrophilic silicon dioxide surface with PEG or SBS was shown to be an effective approach
to designing protein repellent surfaces.
This study examines the idea how the surface chemistry and wettability affect the protein
adsorption on a flat surface (without any roughness). In the next chapter (Chapter 4), these
findings and techniques are applied to study protein adsorption in a complex rough surface to
study the effect of surface roughness and wettability on protein adsorption. Hopefully, that will
help us to design an effective protein repellent surface for application in diagnostics and other
applications where less non-specific protein adsorption is desired.
Superhydrophobic surfaces that show high water contact angles (˃150°) and low slip
angles (˂10°) have been explored for various applications due to their excellent self-cleaning and
low adhesion properties. Proteins and cells can adhere to hydrophobic surfaces, however, due to
interactions between the hydrophobic portion of the protein and the hydrophobic surface,
resulting in surface fouling. As a result of this change in surface wetting, the hydrophobic
properties of the surfaces are lost. In the previous chapter, the hydrophilic coating with
polyethylene glycol or zwitterionic molecules on the flat surfaces has been shown to be
vi

especially effective at preventing protein adsorption. In this chapter I have prepared
superhydrophobic surfaces using hydrophilic nanoparticles to make protein-resistant surfaces.
The effect of surface chemistry and roughness on the wetting behavior of superhydrophobic
silica/silicone hybrid surfaces was also studied. In addition, the absorption of proteins on these
surfaces was investigated with BSA as model protein with the goal of designing biocompatible
super repellent surfaces for biomedical applications. Superhydrophobic surfaces made with
TS530 were shown to adsorb minimum amount of protein.
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Figure 3.20 Schematic showing the mechanism of protein repellency on PEG coated
surface.
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Figure 3.21 Cartoon illustrates a mechanism for protein adsorption from solution
onto: a) a negatively charged surface in aqueous solution in presence of counter ions.
Due to release of counter ions or water molecules and/or rearrangement in structure of
the protein molecule at the interface, a net positive entropy (∆S˃0) change occurs and
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thus protein adsorption on the surface becomes feasible. b) On the surface coated with
zwitterionic molecules, protein adsorption is prevented as there is no entropic
contributions (∆S is not positive) from release of counter ions and water molecules.

Chapter 4
Figure 4.1 Illustration of reentrant or overhanging structure creates by deposition of
nanoparticles agglomerates on PDMS post surfaces. Inset shows inwards curvature,
which is essential for achieving reentrant or overhanging structure.
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Figure 4.2 Closed plastron experimental set-up to study protein adsorption on post
surfaces by CFM and RO angle measurements.
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Figure 4.3 Opened plastron experimental set-up to study protein adsorption on the
post surface printed on porous membrane by CFM after 1h of protein adsorption from
fluorescently labelled BSA (20 µg/mL) solution.
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Figure 4.4 Experimental set-up to study the wetting behavior of the SH surface while
immersed in BSA solution with the plastron open to the atmosphere.
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Figure 4.5 FTIR absorption spectra of EH5, PEG-silane and EH5-PEG to show the
attachment of the PEG moieties to silica (EH5) nanoparticles.
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Figure 4.6 Thermogravimetric analysis (TGA) of EH5-PEG nanoparticles to
characterize the coating of EH5 with PEG.
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Figure 4.7 Absorbance of supernatant at 280 nm vs immersion time as a function of
nanoparticles surface treatment. Decreased absorbance is due to adsorption of protein
onto the nanoparticle surface.
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Figure 4.8 Optical images of PDMS post surfaces: a & e: W; b & f: W_EH5; c & g:
W_EH5-PEG; and d & h: W-TS-530. Upper row (top view) and bottom row (side
view).
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Figure 4.9 SEM images of PDMS posts created by 3D printing with and without
subsequent coating with nanoparticles: a) without any particles (W), c) coated with
EH5 nanoparticles (W_EH5), e) coated with EH5 nanoparticles modified with PEG
(W_EH5-PEG), g) coated with TS-530 nanoparticles (W_TS-530). Panels b, d, f, and
h are higher magnification images of panels a, c, e, and g, respectively. Surfaces were
tilted at 40-45°.
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Figure 4.10 Representative images of a 20 µL water droplet on different post surfaces
showing a droplet in a stable Cassie-Baxter state: a) W, b) W_EH5, c) W_EH5-PEG,
and d) W_TS-530.
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Figure 4.11 Protein adsorbed onto closed-plastron SH surfaces after immersion in
fluorescently labeled BSA solution for 1 h (followed by washing and drying). 3D
surface reconstructions from z-stack CFM images: a) W, b) W_EH5, c) W_EH5-PEG,
d) W_TS-530.
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Figure 4.12 Protein adsorbed onto open-plastron SH surfaces after immersion in
fluorescently labeled BSA solution for 1 h (followed by washing and drying). PDMS
post surfaces printed on porous PTFE membranes. 3D surface reconstructions from zstack CFM images: a) W, b) W_EH5, c) W_EH5-PEG, d) W_TS-530.
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Figure 4.13 3D surface images show adsorption of fluorescently labelled BSA (10
µg/mL in PBS) on superhydrophobic post surfaces printed on porous membranes after
1 h immersion in the protein solution: a) W, b) W_EH5, c) W_EH5-PEG, d) W_TS530.
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Figure 4.14 Sectional images of superhydrophobic post surfaces printed on porous
membrane show the wetting while immersed in protein solution over 2 h (green color
images) and after forced wetting (red color image). 3D surface reconstructions from
z-stack CFM images: a) W, b) W_EH5, c) W_EH5-PEG, d) W_TS-530.
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Figure 4.15 Bar chart shows the change in roll-off angle due to protein adsorption on
different surfaces due to immersion of the surfaces in BSA solution (10 mg/mL) for 1
h.
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Figure 4.16 SEM images of PDMS post surfaces created by 3D printing and
subsequent coating with different ratios of NaCl: GPs or silica nanoparticles (EH5): a)
NaCl particles only to create a rough surface (W-NaCl), c) a mixture of NaCl and GP
with a ratio of 3:1 (W_GP_1), e) a mixture of NaCl and GP with a ratio of 1:1
(W_GP_2), g) only GPs (W_GP_3), h) post surface coated with EH5 particles. Panels
b, d, f, h, and j are images with higher magnification of panels a, c, e, g and i
respectively. Surfaces were tilted at 40°.
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Figure 4.17 Change in roll-off angle of different PDMS post surfaces during curing
and storage up to 96 h.
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Figure 4.18 CCD camera images of a 20 µL water droplet on different surfaces during
its curing and storage to show the wetting state of the droplet. PDMS post surfaces: a)
W-NaCl; b) W_GP_1; c) W_GP_2; d) W_GP_3; e) W_EH5. Row i-iv represents the
corresponding surfaces with water droplet after 3, 24, 48, and 96 h of surface
fabrication.
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Chapter 1: An introduction to superhydrophobic, hybrid
hydrophilic-superhydrophobic surfaces and their fabrication

This chapter provides an introduction to superhydrophobic (SH) surfaces, hybrid
hydrophilic-superhydrophobic surfaces and their fabrication processes. It also includes wetting
theories to explain surface superhydrophobicity. Finally, applications of superhydrophobic and
hybrid surfaces will be discussed.
1.1 Introduction
Superhydrophobic surfaces with a static water contact angle (WCA) greater than 150°
and a slip angle less than 10° have attracted much attention due to their excellent water
repellency1-4 and self-cleaning5,6 properties. Best-known naturally occurring superhydrophobic
surfaces include lotus (Nelumbo nucifera) leaves7 for self-cleaning and the legs of water striders8
(Gerris remigis) for their ablility to walk over water. Superhydrophobicity and self-celaning

Figure 1.1 a) Water droplets beads-up on the lotus (Nelumbo nucifera) leaf
(http://pgtnaturegarden.org/2011/05/water-drops-on-a-lotus-leaf/); SEM images of b)
micropapillae covering the surface of the lotus leaf; c) enlarged view from (b) shows a single
papillae covered with nanoscale hydrophobic hair like structured; d) schematic of micro- and
nanostructure of a single papilla.9 (Image b-d reproduced from reference 9)
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properties of the lotus leaf were found to be due to presence of hierarchical surface structures
built from randomly oriented small hydrophobic hair-like structures on the top of convex cell
papulae (see Figure 1.1). Water striders (Gerris remigis) also show superhydrophobicity and low
adhesion due to the presence of nano-micro scale heirarchical structures on their long legs. Parts
of several other plant 10,11 and animal12 surfaces show superhydrophobic properties due to the
presence of hierarchical surface roughness.
Although most of the natural superhydrophobic surfaces, made of low surface enegry
hydrophobic materials, are uniform in term of surface wettability, i.e. superhydrophobic as a
whole, there are natural surfaces which are composed of a small hydrophilic area on a
superhydrophobic background surface. These types of surfaces, which are composed of both
hydrophilic and hydrophobic/superhydrophobic areas/parts, are known as hybrid surfaces. A well
known natural hybrid surface is the floating leaf of the water plant Salvinia (e.g. Salvinia
molesta). It consists of a superhydrophobic surface made from a combination of hydrophilic and

Figure 1.2 Surface morphology of the Salvinia molesta floating leaf. a) Formation of a spherical
droplet on the top side of the leaf surface, densely covered with hairs, indicates the
superhydrophobic character of the surface. b-d) SEM images of the complex hair structures. b)
eggbeater-shaped hair structure covers the whole surface. c) Terminal end of each hair is coated
to form a hydrophilic patch without any wax crystals on it. d) Surface is covered with nanoscale
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wax crystals (below) with exception of the hydrophilic patch area (above).13 (Reproduced from
reference 13)
hydrophobic parts which retains air under water maintaining the plant near the surface of the
stream. The hierarchical features of the Salvinia leaf surface are mostly composed of complex
elastic eggbeater-shaped hairs coated with wax crystals. But interestingly, the terminal cells of
each hair lacks wax crystals and thus form hydrophilic patches that cover about 2% of the
otherwsie superhydrophobic leaf surface (see Figure 1.2).13 This type of superhydrophobic
surface could be used in various technological applications, e.g. for low drag fluid trasport and
marine coatings, due to their ability to maintain a stable air layer at the interface under water.
Another natural surface, the back of the stenocara beetle (Stenocara gracilipes), has inspired
many researchers to fabricate hybrid surfaces for dropwise condensation (DWC) and water
collection applications.

Figure 1.3 a) Stenocara beetle with a bumpy wing case, b) bumps:tops are wax-free
hydrophilic and c) sides and trough are wax-coated & hydrophobic. (Reproduced from reference
14)
This surface is composed of a hydrophilic bump surrounded by a rough hydrophobic troughs (see
Figure 1.3). Mist can be condensed or collected on a hydrophilic area to form droplets. Then
when the droplet reaches a critical mass, it can easily roll down the tilted surface to the beetle’s
mouth. By this way they can survive in very arid environments (in the African desert) by
collecting water from the morning fog.14
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1.2 Wetting Theories
It has been shown that the wettability of a surface depends on the chemical composition,
surface roughness/topography,15 droplet formation process (i.e. condensation or deposition of
droplets from a height), and surface temperature. The wettability of a surface is usually
characterized by equilibrium (static) contact angle (θ), dynamic contact angles and slip angle.
Equilibrium contact angle of a flat surface is defined as the angle produced by water droplets
when they are placed on the surface as shown in Figure 1.4a. Equilibrium contact angle (θ) – also
known as Young’s angle – of a smooth homogeneous solid surface is determined by three
interfacial tensions as shown by Young’s equation.16
𝑐𝑜𝑠𝜃 = (𝛾𝑠𝑣 − 𝛾𝑠𝑙 )/𝛾𝑙𝑣

Eq.1.1

Where γ refers to the interfacial tension and the subscripts l, v, and s refer to the liquid, vapor
and solid phases, respectively. The surface can be classified as hydrophilic and hydrophobic

Figure 1.4 Typical wetting models of a droplet on solid substrates. (a) A liquid drop on a flat
substrate (Young’s model). (b) Wetted contact between the liquid and the rough substrate
(Wenzel’s model). (c) Non-wetted contact between the liquid and the rough substrate (CassieBaxter’s model).17 (From ref 17)
depending on its contact angle. Surfaces that register equilibrium contact angles (θ) of less than
90° are known as hydrophilic, while surfaces which produce equilibrium contact angles (θ) more
than 90° are called hydrophobic. The surfaces that show extremely low (θ~0°) and extremely
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high (θ>150°) contact angles can be classified as superhydrophilic and superhydrophobic
surfaces, respectively.
There are two different dynamic contact angles: receding and advancing contact angles;
both have been used to characterize dynamic properties of the surface. Another important
parameter to explain wettability of a surface is the contact angle hysteresis (CAH), which is
defined as the difference between the advancing and receding contact angle. Advancing and

Figure 1.5 Determination of: (a) advancing contact angle (θa) is the maximum contact angle
achieved before moving TCL during expansion of the droplet (b) Receding contact angle (θr) is
the minimum contact angle of a droplet before its contact line starts receding during removal of
the liquid.18 (Reproduced from reference 18)
receding contact angles both depend on the surface roughness and surface chemistry. Advancing
(θa) and receding (θr) contact angles can be measured during expanding and contracting a droplet
by adding or removing liquid as shown in Figure 1.5. The advancing contact angle is the
maximum contact angle achieved by an expanding droplet before the movement of the TCL
(triple contact line). The receding contact angle is the minimum contact angle exhibited by the
droplet during contracting the liquid before any movement of the TCL (see Figure 1.5b).
Alternatively θa, θr can be measured during the movement of the droplet along a tilted surface as
shown in Figure 1.6.
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Figure 1.6 Roll-off of a liquid droplet on a tilt surface. Slip angle, advancing (θ a) and receding
(θr) contact angle of a droplet are shown.
Slip angle of a surface can be related to the surface properties (such as surface chemistry and
roughness) via receding and advancing CA as shown by the equation originally developed by
Furmidge19 and modified by Extrand20:
2𝑤

sin 𝛼 = 𝑚𝑔 𝛾𝑙𝑣 (cos 𝜃𝑟 − cos 𝜃𝑎 )

Eq.1.2

Where α, m, w, g and γLV are the tilt angle, mass of the droplet, width of the droplet, acceleration
due to gravity and liquid-vapor surface tension of the fluid respectively. This can be used to
predict the critical mass of the droplet to roll-down or slip off from a surface at a certain tilt
angle.
On a smooth flat surface, a maximum water conatct angle of ~120° has been observed
with the lowest energy material. The introduction of roughess on the surface is necessary to
achieve superhydrophobicity (surface shows water CA ˃ 150° and slip angle < 10°). Generally,
the wettability of a rough surface can be explained by two prominent states or theories: Wenzel
state and Cassie-Baxter state.
In the Wenzel state,21 a water droplet placed on the rough surface wets both the peaks and
valleys of the surface as shown in Figure 1.4b. Due to wetting of the surfaces, a droplet in this
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state is characterized by a high slip angle and higher apparent contact angle (higher than on a flat
surface). The apparent contact angle θ* of a droplet in the Wenzel state on a rough surface with a
uniform surface composition is given by the equation:
cos 𝜃 ∗ = 𝑟 cos 𝜃

Eq.1.3

Where r is the roughness, defined as the ratio of the actual area of liquid-solid contact to the
projected area on the horizontal plane of the rough surface, and θ is the equilibrium contact angle
of the liquid drop on a smooth surface of the same material. This state is generally characterized
by a higher apparent contact angle compared to a flat surface but a lower CA than that of a
superhydrophobic surface, and a high contact angle hysteresis.
The second state that a droplet can form on top of a rough surface leaving a vapor layer
underneath the liquid to yield a composite state is shown in Figure 1.4c. This composite state of
the droplet on the surface is known as Cassie-Baxter state, which accounts for the non-wetting
(superhydrophobicity) of the surface. The apparent contact angle of a droplet on this rough
surface is explained by the Cassie-Baxter17 equation as follows:
cos 𝜃 ∗ = 𝑓1 cos 𝜃1 + 𝑓2 cos 𝜃2

Eq.1.4

Where θ* is the apparent contact angle of a liquid droplet on a composite surface consisting of
two interfaces 1 and 2. θ1 and θ2 are the equilibrium contact angles and f1 and f2 are the surface
fractions of the projected planar area where f1+f2=1. Since the contact angle is 180° for water
droplets at the air-water interface, the above equation becomes:
cos 𝜃 ∗ = 𝑓𝑠 (1 + cos 𝜃1 ) − 1
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Eq.1.5

Where, fs is the fraction of the projected area of water in contact with the solid features, and θ1 is
the equilibrium contact angle of water on the solid. As fs → 0 the apparent contact angle θ*
approaches 180°. On a low energy material (hydrophobic materials which show θ > 90o such as
fluorosilane, alkylsilane, aklythiol), this state is generally characterized by high apparent CA and
low CAH, where water droplets maintaining this state are highly mobile and can be removed
from the surface easily compared to a droplet in the Wenzel state.
The above two models indicate that the higher surface roughness would result in a higher
apparent CA when water drops are placed on the surface. On superhydrophobic surfaces, the
water droplet is maintained in the Cassie-Baxter state (a.k.a Cassie state), which is generally
characterized by a high static CA and low slip angle. The Cassie state always shows high static
CA (higher than corresponding smooth surface), but the slip angle could be higher. The slip
angle usually depends on fs as well as the chemistry of the surface. A surface where a water
droplet realizes the Wenzel state is characterized by lower static CA and higher slip angle. The
Wenzel state is thermodynamically more favorable than the Cassie state and a transition from
Cassie-Baxter to Wenzel could occur depending on the environment, droplet volume and surface
properties. A transition from Wenzel to Cassie is generally not possible without the input of
additional energy. Studies indicate the existence of an intermediate (partially wetted) state
between the above two named states.22-28 This partially wetted (intermediate) state is evidenced
by high CAH, high slip angle and lower apparent CA of the surface.29
1.3 Fabrication of superhydrophobic surfaces
Nature has developed superhydrophobic surfaces in various plants and animals, inspiring
mankind to develop sysnthetic versions for various technological applications. 18,30 Numerous
synthetic techniques to fabricate superhydrophobic surfaces have been developed and recently
8

reviewed.31-49 Generally, this type of surface is prepared using hydrophobic materials by creating
a surface with varying degrees of roughness ranging from micrometers to nanometers in
scale.50,51 Alternatively, superhydrophobic surfaces can be prepared by introducing various
scales of surface roughness on a hydrophilic material and then coating the surface with a lowenergy material. Fabrication processes for superhydrophobic surfaces can be categorized as a)
top-down approaches to create controlled surface topography and b) bottom-up approaches to
build up randomly structured surfaces. Examples of widely used techniques to fabricate
superhydrophobic surfaces will be discussed in the following sections.
1.3.1 Top-down approaches
1.3.1.1 Lithographic Processes
This approach has been used to fabricate superhydrophobic surfaces with well-defined
surface topography or roughness into silicon or other well-defined inorganic substrates.
Generally a hydrophobic coating with fluoroalkylsilane or other hydrophobic molecule of low
surface energy is needed to achieve superhydrophobicity after patterning. Lithographic process
are particularly advantageous when well-controlled surface topography is required to conduct a
systematic study of the effect of different surface parameters on the superhydrophobicity. This
technique has also been used to fabricate the unique geometry required to achieve omniphobic
surfaces. Special surface features have been defined in a hydrophilic material (e.g. SiO2) to
achieve superoleophobic/superhydrophobic properties on the same surface.52
1.3.1.2 Plasma and Chemical Etching
Different types of plasma and chemical etching have been used to create surface
roughness on metal plates53 and polymer surfaces54,55 by simple immersion of the substrate into
9

the etching solutions/environment. Masks could be used to selectively etch a particular area to
achieve patterned superhydrophobic surfaces for various applications such as in microfluidics
and dropwise condensation. The surface morphology can be controlled by a judicious choice of
treatment parameters: immersion sequence in various etching solutions, solution concentrations
or immersion times. Generally, after creating surface roughness by etching, a subsequent coating
with a low energy material is necessary to reduce the surface energy sufficiently to achieve
superhydrophobicity.
Although the top down approach has the advantage of providing a precise control over
the surface feature size and roughness, such processes are expensive and the structures are
usually delicate, easy to damage and difficult to produce. Such processes are limited to specific
etchable substrates.
1.3.2 Bottom up Approach
This approach is generally easier, more versatile and can be applied to wide range of materials
using various methods. Two routes are possible to achieve superhydrophobic surfaces using this
approach. One method creates a rough surface via the bottom-up approach, which is then coated
with a low-energy material to achieve superhydrophobic surfaces. Alternatively, an intrinsically
low-energy material can be used to generate surface roughness and thus achieve
superhydrophobic surfaces without any post-treatment.
A limitation of this approach is the poor control on the surface roughness and geometry.56
The resulting surfaces are randomly structured, which are difficult to characterize fully for
scientific investigations.57
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1.3.2.1 Deposition by dip-coating and spin-coating
Silica58 or other monodispersed colloidal59,60 (such as polystyrene) particles have been
used to convert various substrates from hydrophobic to superhydrophobic by creating selfstructured (where structural components, e.g. silica particles, can spontaneously assemble in
solution or gas phase until a thermodynamic stable structure is achieved. This can also be called
self-assembly and self-organization) rough surfaces. Mainly two approaches are used to make
superhydrophobic surfaces by these methods. The first one involves the creation of the surface
roughness by depositing/coating the substrate with particles and subsequent coating of the
surface with low energy material. 61,62 The other approach uses intrinsically hydrophobic particles
to create surface roughness to achieve superhydrophobicity.63,64 Particles can be incorporated on
the substrate by dip coating or spin coating by using a suitable polymer-particle dispersion
solution.65,66 Sol-gel methods have been also explored to incorporate the particles or roughness
on the substrate61,62 by using either a sol or a combination of sol with filler particles such as silica
nanoparticles. The thickness of the coating layer can be controlled by choosing the solution
concentration and coating process parameters such as spinning or dipping speed and the number
of coating cycle.67,68 The bonding between substrate and coating layer is originated mainly from
the adhesion and in some cases from covalent bonding between coating layer and substrate (with
hydroxyl groups from glass, steel surface) as in the case of sol-gel process.
1.3.2.2 Deposition by spray coating
Spray coating is a versatile and fast process to make superhydrophobic surfaces on
various substrates like glass, metal and polymers. This process is similar to spin coating and
dip coating method with only difference in coating application process. In this process
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nanoparticles dispersed in a matrix are deposited on the substrate to introduce various
morphologies and roughness. Typically both polymer and nanoparticle are hydrophobic. In
the case of hydrophilic materials, as mentioned earlier, a coating with a lower energy
material is necessary to achieve superhydrophobicity. Nanoparticles or carbon nanotubes 69
can be deposited on the surface by spraying a suspension of them in suitable polymer
solution containing a volatile solvent (e.g. methanol, ethanol) and during the evaporation of
the solvent, the particles can self-structure to a give a unique surface morphology and
roughness. 57 A superhydrophobic surface with water CA of 168° and sliding angle (SA) of
5° was achieved by spraying a dispersion of multi-walled carbon nanotubes (MWCTNs) in a
polystyrene solution on a glass substrate.70 Ogihara et al. 71 fabricated a superhydrophobic
and transparent film by spaying a hydrophobic silica nanoparticle (SNP) suspension on a
hydrophobized glass substrate. Silica nanoparticles modified with oligodimethylsiloxane
were used alone or with a polymer binder to prepare superhydrophobic surfaces using a
scalable spray coating process. 72

1.3.2.3 Electro deposition
Electrochemical deposition has been used to make various metal micro/nanostructures to
achieve various scales of surface roughness and morphology. After deposition, the surface is
modified with a low-energy material to achieve superhydrophobicity for various applications like
dropwise condensation, corrosion resistant coatings etc. Alternatively conducting polymers can
be grown on the surface to introduce the surface roughness needed to achieve superhydrophobic
surfaces. These two approaches will be discussed in the following sub-sections.
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1.3.2.3.1 Metal/Metal Oxide Deposition
Electrochemical reduction of metal ions to form metal film is widely used widely to coat
a surface for various applications such as decorating, surface protection and property
enhancement. Depending on the electrochemical parameters and metal precursor, one can
achieve various surface morphologies with micro/nanoscale roughness. With sufficient
roughness, the surface can be converted to become superhydrophobic by coating with a lowenergy material. Depending on the susceptibility of the deposited metal to oxygen, the extremely
rough surface can be composed of metal oxide that can easily be modified to achieve
superhydrophobicity. A superhydrophobic surface with water CA of 154° was prepared by
depositing a hierarchical flower-like gold structure from a HAuCl4 aqueous solution and
subsequently coating with an alkanethiol.73 Copper/copper oxide superhydrophobic surfaces
were fabricated by electrodepositing different types of microstructures with various roughness
length scales from aqueous copper salt solution such as Cu(NO3)2, CuSO4 and subsequent
coating of the surface with low energy materials.74,75 Several other metals like Ag, Ti, Mg, W or
a combination of different metals were used to prepare superhydrophobic surfaces by the
electrodeposition method.45
1.3.2.3.2 Conductive polymer deposition
By choosing the appropriate electrochemical conditions, such as monomer concentration,
solvent, salt, deposition time, current density, voltage or deposition method, different surface
structures with various roughness length-scales can be made. Depending on the monomer,
suitable hydrophobic doping ions can be incorporated to achieve superhydrophobic surfaces
provided that the surfaces are sufficiently rough. 76 Dopant ions can be removed easily by an
electrochemical method to

make a switchable surface (from superhydrophobic to
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superhydrophilic).77-79 Due to

removal of dopant

ions, the surface can lose its

superhydrophobicity during aging. The stability of this type of surface depends on interactions
between the polymer and dopant ions. The incorporation of hydrophobic moieties
(hydro/fluorocarbon chains) on the monomer before polymerization was used to produce
superhydrophobic surfaces with greater stability.79-84 Some electrodeposited surfaces can be
converted to superhydrophobic ones by coating them with a low energy material85 such as by
grafting hydrophobic chains onto the electrodeposited film via surface-initiated atom transfer
radical polymerization (ATRP).86
1.4 Superhydrophobic surfaces from hydrophilic materials
Superhydrophobicity of natural surfaces results from a synergistic combination of dual
scale surface roughness as well as the presence of low surface energy materials. Much works has
been done to fabricate synthetic superhydrophobic surfaces by using the concept of biomimicry.
Generally, synthetic superhydrophobic surfaces are prepared from low-energy materials where θ
> 90°, by introducing roughness or from rough hydrophilic materials (θ < 90°) that are coated
with a low energy material. It is well accepted that making superhydrophobic surfaces from
hydrophilic materials is challenging.
There have been studies that explore the possibility of making superhydrophobic surfaces
from hydrophilic materials. Cui et al.87 analyzed the contact angle (CA) and contact angle
hysteresis (CAH) of a “classical” pillar type micro structured surface by calculating the free
energy (FE) and free energy barrier (FEB) of different wetting states. They confirmed that a
superhydrophobic surface formed with hydrophobic material (intrinsic CA of 120°) is stable, but
with a hydrophilic material (intrinsic CA=80°) the Cassie-Baxter state is unstable. So the
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question remains: how can one produce stable superhydrophobic surfaces from hydrophilic
materials?
Inspiration comes from nature as some plant surfaces are superhydrophobic although they
are composed of some from hydrophilic materials. However, a specific surface topography is
required.52 The systematic study of the effect of surface roughness on superhydrophobicity by
several research groups has shown that reentrant/overhanging structures are required to achieve
stable superhydrophobic surfaces with hydrophilic materials. This study showed that a
superhydrophobic surface can be prepared from a hydrophilic material if the surface texture
consists of reentrant or overhanging structures on which the TCL can be pinned. This type of
surface structure has also been explored to make omniphobic surfaces from various materials
including hydrophilic ones.52,88,89
Several

different

synthetic

approaches

have

been

employed

to

fabricate

superhydrophobic surfaces from hydrophilic materials by incorporating surface roughness along
with reentrant or overhanging structures. Feng et al.90 prepared a superhydrophobic surface (CA
171°) consisting of nanofibers made from intrinsically hydrophilic polyvinyl alcohol (PVA,
intrinsic CA ~72°) by solution extrusion process through an anodic silver oxide membrane. A
superhydrophobic surface with water CA of 178° was made by bottom-up process by growing
metal hydroxide on the substrate and subsequent coating with lauric acid (intrinsic CA ~ 76°).91
Cao et al.92 fabricated a superhydrophobic surface from hydrogen terminated silicon material
with a water contact angle of 72° by creating overhang micro-textures using a microfabrication
process. A superhydrophobic surface with water CA of 158° was produced by electrospinning an
intrinsically hydrophilic material PHBV [poly(hydroxybutyrate-co-hydroxyvalerate), CA of
76°], by creating micro/nanostructures on the surface.93 A superhydrophobic film made of
15

intrinsically hydrophilic zinc oxide was prepared with a hydrothermal method.94 A
superhydrophobic surface composed of regular arrays of T-shaped micro-pillars was prepared by
an etching process and then subsequently coated with a hydrophilic diamond-like carbon (water
CA of 72o). This surface attains superhydrophobicity due to the introduction of an intricate
surface microstructure composed of many complexly arranged surface structures.88
1.5 Fabrication and applications of hybrid surfaces
Inspired by nature, several studies have focused on preparing synthetic versions of
natural hybrid surfaces for various applications such as dropwise condensation of water vapor
and water collection. For such applications to be effective, water droplet must be easily removed
from the surface. Generally, droplet removal from a hybrid surface is facilitated if the droplet
remains in the non-wetting state (i.e. Cassie-Baxter state). Such a superhydrophobic drop can be
easily removed by applying a weak force such as gravity (by tilting the surface at an angle to the
horizontal plane). Other approaches, such as imposing a wettability gradient 95-100 where there is
a steady decrease or increase in WCA along the length of the surface can be used. Droplet
coalescence101,102 has been used to remove droplets without applying external forces like gravity.
In one example, a hybrid hydrophobic/hydrophilic post surface (similar to the back of the
Namib Desert beetle) was fabricated using lithography and a subsequent UV-assisted surface
modification approach. This hybrid post surface exhibited controlled condensation by
preferentially promoting nucleation on the hydrophilic regions at the top of post surfaces as
observed in the environmental scanning electron microscope (ESEM).103 Although nucleation
occurred at the top of the posts, droplets rapidly transitioned to the Wenzel state after only a
short time. However it might be possible to force the droplet to maintain a Cassie–Baxter state
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on the hybrid superhydrophobic-hydrophilic surface even in a condensing environment. Such an
approach would result in dropwise condensation with easy shedding of the droplets from the
surface, since a Cassie-Baxter droplet is easy to remove (assuming low contact angle hysteresis).
Recently a hybrid surface mimicking the beetle’s back was designed and fabricated using a
combination of photolithography, dry etching and subsequent coating with plasma polymerized
hydrophobic fluoropolymer and selective removal of fluoropolymer from the tip of the
nanopillars. This hybrid surface with a high wetting contrast showed concurrent filmwise and
dropwise condensation with 63% enhancement in the heat transfer coefficient compared to that
of a flat hydrophobic surface.104
To design a more effective hybrid surface, attention needs to be focused on the
fabrication cost as well as the length scale of the hydrophilic-hydrophobic feature sizes and
surface energies that dictate the dynamic contact angle of the condensed droplet. The trade-offs
between facilitating nucleation in the hydrophilic region and lowering the contact angle
hysteresis (which determines slip angle) of the grown droplet is necessary to achieve enhanced
DWC on a hybrid surface.
Garrod et al.2 prepared a set of hybrid superhydrophobic-hydrophilic surfaces by creating
different hydrophilic polymer spots (arranged in an array) on a superhydrophobic background
surface using a simple two-step plasma technique. The optimum condensation was achieved with
a hydrophilic spot size/center-to-center distance of 500 µm/1000 µm. This type of surface
mimicking the back of the Stenocara beetle and can be used for fog harvesting and biomolecule
immobilization. Zhang et al.105 prepared superhydrophilic-superhydrophobic patterns on a TiO2
superhydrophobic surface via photocatalytic degradation of the octadecylphosphonic acid (ODP)
hydrophobic coating. This hybrid superhydrophobic-superhydrophilic surface could be used in
17

guiding the condensed water and control evaporation. Thickett et al.106 have fabricated
micropatterned surfaces with a dense array of small hydrophilic poly(4-vinylpyridine) (P4VP)
regions (~1µm) on a hydrophobic background made from polystyrene (PS) using a dewetting
process. The ability to capture atmospheric water on the prepared surfaces was evaluated and
compared with a flat polymer films to quantify the advantage of creating the microstructure. The
“ambient” condensation rate was approximately 45% greater on a micropatterned PS-P4VP
surface than on a flat P4VP film, and much greater (~82%) compared to a flat PS film. A
hydrophilic/superhydrophobic surface mimicking the Stenocara beetle was prepared by dipcoating using n-octadecylsilane (OTS) and a SiO2 solution/suspension. The SiO2/PODS
(polymerized n-octadecylsilane) hybrid surface showed better water vapor condensation and
water collection ability when compared with a superhydrophobic PODS surface without the
hydrophilic glass.107 Bonner et al.100 studied the condensation on a graded hydrophobic surface
made by varying the surface concentration of a hydrophobic self-assembled monolayer. They
presented a novel droplet removal mechanism from the condensation surface. Dropwise
condensation occurred on the non-wetting portion of the graded hydrophobic surface region and
the droplet moved to the hydrophilic side without the help of any external force. As the droplet
removal is independent of gravity, this could be used for applications in space and where
surfaces need to be positioned horizontally.
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1.6 Applications of superhydrophobic surfaces
Superhydrophobic surfaces have been explored for various applications in a wide number
of fields as given below:
1.6.1 Self-cleaning surfaces
Natural superhydrophobic surfaces, such as lotus leaf, are prized for their self-cleaning
properties. Synthetic superhydrophobic surfaces can also be used as self-cleaning surfaces. Dust
particles that adhere to these surfaces can be carried away during rain or water spray when the
water droplet rolls or slides-off these surfaces. Hydrophobic coatings applied as paint, possess
only limited self-cleaning properties, but are already in the market.108 Transparent
superhydrophobic self-cleaning surfaces have been explored for use in window glass, camera
lenses, and solar panels.109-111 A thin superhydrophobic surface can be used in a solar power
plant to improve the efficiency of the solar cell modules by keeping them dust free so that the
maximum amount of light can be received by the solar cell.5,112 Superhydrophobic surfaces with
antireflection and anti-icing properties have also been explored to increase the efficiency of solar
panels.113,114 However, no transparent SH surfaces that are also anti-reflective are commercially
available.
1.6.2 Microfluidics
Superhydrophobic surfaces, due to their enhanced droplet mobility and lower flow
resistance properties, have been explored for various microfluidics applications.115,116 It has been
shown that by modifying the surface wettability, the movement of water can be controlled, 117 and
droplet movement can be manipulated by incorporating various surface micro/nanostructures.118123

Due to the minimal liquid-solid contact area, the interaction between fluids and the
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microfluidic channels can result in enhanced analytical performance by preventing fouling and
nonspecific surface adsorption of molecules (e.g. proteins). Microfluidics based on
superhydrophobic surfaces can have several advantages such as passive manipulation of
analytes, reduced temporal resolution of different inline processes such as droplet merging and
mixing, as well as guide and confine well-defined volumes of analytes.33
1.6.3 Movement of water
A water droplet or water layer on a superhydrophobic surface can form a composite state
(i.e. Cassie-Baxter State) at the top of the rough features. This composite state minimizes the
area of contact between the water droplet and surface; thus movement of droplets requires lower
forces compared to unmodified surfaces. For continuous flow though microfluidic channels, this
lower force would transfer less shear force to the living organism or cells. Thus flow related
damage to cells or biomolecules could be prevented by using a superhydrophobic surface
coating. Superhydrophobic surfaces may act as a drag reducing coating for various applications.
For instance, this property could be used to transport liquids at a faster rate.
1.6.4 Surface protection & antibacterial surfaces
Water is one reactant that initiates corrosion on various surfaces including metal
structures. Due to its water repellency, a superhydrophobic surface can make the surface free
from water and thus make it resistant to corrosion. Also for building materials such as roofing
and siding, a superhydrophobic coating could protect the material from water, discoloration from
dust and fungus, as well as chemical degradation.124-126 Superhydrophobic surfaces have been
investigated due to their self-cleaning, and low adhesion properties to achieve antifouling
surfaces.127-139
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Superhydrophobic surfaces have explored for several others applications such as oilwater separation140-142 and non-wetting textiles.143,144
1.6.5 Application of superhydrophobic surfaces made from hydrophilic material
Due to the presence of overhang/reentrant structures, this type of surface can act as an
omniphobic surface that could be used in the applications mentioned above for superhydrophobic
surfaces. In addition, several new applications are possible with omniphobic surfaces such as
blood oxidizers and various microfluidic devices.145-148

1.7 Conclusion
Nature provides many superhydrophobic surfaces, which have developed over millions of
years. It has been shown that naturally occurring hierarchical roughness is beneficial to realize
stable superhydrophobic surfaces. Superhydrophobic surfaces have been prepared by mimicking
various natural surfaces via the introduction of micro/nanoscale surface roughness on
hydrophobic materials. Usually, superhydrophobic surfaces from intrinsically hydrophilic
material require subsequent coating of the rough surface with a low energy material.
Superhydrophobic surfaces incorporating intrinsically hydrophilic materials without any
subsequent coating can only be made by introducing reentrant or overhanging surface structures.
Superhydrophobic surfaces including the hybrid surface could be used for a variety of
applications from self-cleaning surfaces to microfluidics. However, before superhydrophobic
surfaces can be used, their reliability, durability and cost-effectiveness must be demonstrated.
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Chapter 2: Design and fabrication of a hybrid superhydrophobichydrophilic surface that exhibits dropwise condensation

Abstract
Condensation of water vapor is an essential process in power generation, water collection
and thermal management. Dropwise condensation, where condensed droplets are removed from
the surface before coalescing into a film, has been shown to increase the heat transfer efficiency
and water collection ability of many surfaces. Numerous efforts have been made to create
surfaces which can promote dropwise condensation, including superhydrophobic surfaces on
which water droplets are highly mobile. However the challenge with using superhydrophobic
surfaces in condensing environments is that water droplets could form in Wenzel state or
transition to the Wenzel state from non-wetting state over time and condensation shifts to a lesseffective filmwise mechanism.
To meet the need for a heat-transfer surface that can maintain stable dropwise
condensation, we designed and fabricated a hybrid superhydrophobic-hydrophilic surface. An
array of hydrophilic needles, thermally connected to a heat sink, was forced through a robust
superhydrophobic polymer film. Condensation occurs preferentially on the needle surface due to
differences in wettability and temperature. As the droplet grows, the liquid drop on the needle
remains in the Cassie state and does not wet the underlying superhydrophobic surface after 5
days of testing. The water collection rate on this surface was studied using different surface tilt
angles, needle array pitch values and needle heights. Water condensation rates on the hybrid
surface were shown to be 4 times greater than for a planar copper surface and twice as large for

32

silanized silicon or superhydrophobic surfaces without hydrophilic features. A convectionconduction heat transfer model was developed; predicted water condensation rates were in good
agreement with experimental observations. This type of hybrid superhydrophobic-hydrophilic
surface with a larger array of needles could be used for heat transfer and water collection
applications.
KEYWORDS: Dropwise condensation, Hybrid superhydrophobic-hydrophilic, Heat transfer,
Water collection, Cassie-Baxter, Superhydrophobic Surface
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2.1. Introduction
Condensation of water vapor is an important process for various applications such as heat
transfer,1-3 desalination,4-6 and water collection7-10 from the atmosphere. Heterogeneous
condensation can occur on a solid surface in a dropwise and/or filmwise manner depending on
the wettability of the condensing surface. Dropwise condensation (DWC) occurs when the
condensed vapor forms as droplets on the condensing surface, which are removed relatively
easily by sliding off under the force of gravity before coalescing into a film. DWC can increase
the heat transfer efficiency by an order of magnitude compared to filmwise condensation.2,11
Smooth hydrophobic surfaces made by modifying conventional condensing surfaces have
been reported to achieve DWC.2,12-16 These hydrophobic condensing surfaces can be obtained by
modifying or coating the surface with hydrophobic molecules such as alkylthiol,17,18
alkylsilane,11,19,20 or fluoropolymers.21 Hydrophobic surfaces made by forming self-assembled
monolayers (SAMs) on the condensing surface, have the advantage that the coating layer is
sufficiently thin that it does not introduce a significant thermal resistance to the heat transfer
process.22 But the long-term durability of monolayer coatings remains a primary concern. The
surface coating could be gradually removed and thus the heat transfer coefficient of the surface
would decrease over time.23 Various polymer coatings on the surface can promote DWC but the
coating thickness, which is necessary to insure durability, contributes a substantial thermal
resistance which offsets the advantage of DWC. Recently efforts have been made to make
durable thin or ultra-thin polymer coatings, by forming a stronger functional polymer and
polymer-substrate bond using plasma enhanced vapor24 or initiated chemical vapor deposition
(iCVD)25 of hydrophobic polymers, to achieve sustained DWC. Although a smooth hydrophobic
surface can promote dropwise condensation with hemispherical droplet formation,26 it can be
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difficult to maintain DWC if the droplet removal rate is slow, eventually resulting in the
formation of a continuous liquid film.
Recently, various micro-/nanostructured SH surfaces have been investigated for studying
DWC because of the enhanced droplet removal rates relative to smooth hydrophobic
surfaces.11,20,27-40 Depending on the surface geometry and roughness scale, the water droplets
formed during the condensation process could assume either the highly pinned i.e Wenzel state
(where the liquid is in contact with a rough surface with no air layer separating liquid from solid)
or the superhydrophobic i.e. Cassie-Baxter20,40 state, where the droplet can be easily shed from
the surface at low tilt angles.11,29,39 Superhydrophobic surfaces fabricated with two tier
hierarchical surface roughness resulted DWC under certain conditions.34 However, when
condensation and heat transfer was studied in a custom build vapor chamber the formation of a
water film was observed at this surface.30 DWC on nanostructured superhydrophobic silicon post
surfaces has been observed with the formation of water droplets in the wetted (Wenzel),
suspended (Cassie-Baxter state) and partially wetted states. Heat transfer calculations showed
that the partially wetted droplet could result in better heat transfer than suspended droplets due to
the larger liquid-solid interface area.20 Copper-copper oxide nanostructured SH surfaces showed
a 25 % higher overall heat flux in comparison to dropwise condensation on a hydrophobic
copper (Cu) surface at low supersaturation (S˂1.12). Later DWC on SH CuO surfaces with
electrical field assisted droplet removal process showed a 50 % higher overall heat transfer
coefficient compared to surfaces on which unassisted droplet jumping occurs (with no applied
electric field).41
Torresin et al.42 showed sustained DWC on nanostructured SH surfaces up to five days
under flow conditions of saturated vapors at 110oC. Although droplets formed on this surface
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were in the low-mobility Wenzel state, the high vapor shear force helped the droplet movement
and thus increased the thermal transport during condensation. An obstacle to employing SH
surfaces, however, is that depending upon the surface roughness/energy, nucleation can occur
equally in the regions between roughness features as on top of the roughness (assuming a
uniform surface temperature).43 Although under certain conditions (depending on nucleation
density and roughness length scale) droplets may initially form in the Cassie-Baxter or a partially
wetted state,20,40 condensation between features ultimately results in the formation of droplets
with low mobility in the Wenzel state.

In this way, a SH surface could lose its

superhydrophobicity and the condensed droplets would eventually wet the surface forming a
continuous film of liquid.
To achieve better droplet mobility, DWC on lubricant-infused micro-/nanostructured
surfaces has been studied.44-46 Xiao et al45 demonstrated DWC with approximately 100%
increase in heat transfer coefficient on oil-infused micro and nanostructured CuO surfaces due to
significantly increased nucleation density and facile condensate removal from the condensing
surface when compare to state-of-the-art DWC surfaces. Although this type of surface showed
the potential for enhanced droplet removal, lubricant drainage over time could affect the longterm stability of the surface.
Another approach to achieving enhanced DWC is to fabricate a surface on which
nucleation of water droplets can be directed to specific locations as demonstrated by the back of
the Namib Desert beetle.7,47-50 This natural hybrid hydrophobic-hydrophilic surface shows
enhanced water collection from morning fog by promoting DWC on raised hydrophilic regions.
This phenomenon does not involve a heterogeneous condensation process as the fog already
contains pre-formed condensed water droplets.50 However, this type of natural surface provides a
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useful model to study dropwise condensation for applications including water collection7-10 and
heat transfer.48,49,51 A hybrid hydrophobic/ hydrophilic post surface (similar to the back of the
Namib Desert beetle) can result in controlled condensation by preferentially promoting
nucleation on the hydrophilic regions of post surfaces as observed by Varanasi et al.51 Recently a
hybrid surface mimicking the beetle’s back showed concurrent filmwise and dropwise
condensation with 63% enhancement in heat transfer coefficient compare to flat hydrophobic
surface.52 To design a hybrid surface, attention needs to be focused on the length scale of the
hydrophilic-hydrophobic feature size and surface energy which dictate the dynamic contact angle
of the condensed droplet. Optimizing the trade-offs between facilitating nucleation in the
hydrophilic region and lowering the contact angle hysteresis (that determines slip angle) of the
grown droplet is necessary to achieve enhanced DWC on a hybrid surface.
Although these reports demonstrate that dropwise condensation on micro-/nanostructed
superhydrophobic and hybrid surfaces without wetting is possible, questions remain about the
suitability of these materials for large scale applications. For example, many of these surfaces
are fragile and difficult or expensive to fabricate. Long term stability of condensation on these
surfaces has not been demonstrated; most results are recorded over small areas for short periods
of time or studies are limited to low pressure and low humidity environments such as the
ESEM.53,54 Thus there is a need to prepare a reliable, robust surface which can promote dropwise
condensation at high rates by maintaining water droplets in the Cassie-Baxter state in a highhumidity condensing environment for long periods of time.
Here we present a simple approach to the design and fabrication of a robust hybrid
superhydrophobic-hydrophilic surface, inspired by the structure of the Namib Desert beetle’s
back, that exhibits dropwise condensation in high humidity ambients. To create the hybrid
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superhydrophobic-hydrophilic surface, an array of steel needles with high surface energy was
soldered into a temperature controlled copper block. The needles are forced through a
superhydrophobic polymer nanocomposite film with low surface energy such that the tips
protrude a controlled amount. Because the metal needles have ~100 times higher thermal
conductivity compared to that of the polymer nanocomposite film, a temperature difference
between the hydrophilic needles and the superhydrophobic polymer nanocomposite surface
could be constantly maintained in the designed system. Thus nucleation occurred preferentially
on the hydrophilic and cooler needle surface rather than the superhydrophobic and warmer
polymer nanocomposite. As the droplet pinned on the needle grows it contacts the underlying
superhydrophobic surface, merging with the water droplets that had nucleated there, without
wetting the underlying surface. Once the droplet reaches a critical volume, gravity overcomes
the triple contact line (TCL) forces between the water droplet and the needle, the droplet is
released and the droplet rolls off the surface. During roll-off, the droplet imbibes all smaller
droplets in its path and thus leaves the needle and superhydrophobic surface available for another
cycle of nucleation, growth and release. This droplet growth and roll-off process was monitored
for more than 5 days without any indication of surface wetting. The condensation efficiency of
the hybrid surface was studied by systematically adjusting different surface parameters such as
needle height and pitch. Condensation rates at different tilt angles, and copper block
temperatures were also studied. Condensation rates were determined by quantifying water
collected as well as by measuring droplet sizes before roll-off from the surface. Heat transfer
from vapor to surface was calculated by measuring the temperature gradient across the steel
needles. Condensation rates calculated from the heat transfer study were in good agreement with
experimentally determined values.
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2.2. Experimental
2.2.1 Surface Preparation
Superhydrophobic surfaces were prepared by laminating an ultra-high molecular weight
polyethylene film (120 µm thick, Saint Gobain Performance Plastics, USA) against a layer of
silica

nanoparticles

(CAB-O-SIL®

TS-530,

a

fumed

silica

and

modified

with

hexamethyldisilazane, Cabot Corporation, USA) at 177oC under 70 MPa for 45-60 min. Excess
particles were removed by rinsing the surface with water followed by ultrasonication the film in
water for 10 minutes.
Copper (alloy110, 99.9 % Cu) was cut to size (20 × 20 × 4 mm) and cleaned by
sonication in aqueous ammonium persulfate (Fisher Scientific, USA) solution (30% w/v) at room
temperature for 10 min. Methyl terminated hydrophobic surfaces were prepared on polished
oxidized silicon substrates by a chemical vapor deposition (CVD) method. The silicon wafer
was first cleaned in oxygen plasma (Plasma Preen II-973) for 45 seconds. The cleaned sample
(CA < 5o) was placed into a jar fitted with a tube and stopcock for connection to a vacuum line.
Approximately 2 mL of dichlorodimethylsilane (Sigma-Aldrich, USA) was added and then
vacuum was applied to the jar for 2 min to reduce the pressure to 70 kPa. Subsequently, the
sealed jar was placed in an oven at 90oC for 10 min and then kept at RT overnight. The prepared
surface was rinsed with deionized water to remove excess reagent from the surface. A stable
hydrophobic silicon surface was formed with a water contact angle (CA) of 102o and a slip angle
of 3o.
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2.2.2 Fabrication of hybrid superhydrophobic-hydrophilic surface
Hybrid

superhydrophobic-hydrophilic

surfaces

were

prepared

by

impaling

a

superhydrophobic film onto an array of steel needles (size 12 quilting needles, Piecemakers).
The needles have a 500 µm shaft diameter tapering to a ~20 µm tip diameter. A detailed image
of the needle is shown in the inset to Figure 2.1. To determine the contact angle of the needle, the
CA of a flat steel substrate was measured using a 4µL water droplet. The CA of water on flat
steel was 77o. To form the needle array, a square array of 0.5mm diameter through-holes was
drilled into a 4 mm thick square (20 mm × 20 mm) copper block. The needle shafts were inserted
into the holes and soldered in place with Sn-Pb solder. The backside was sanded to remove
excess solder and form a smooth, flat surface. Once the needles were assembled into the copper
block, a layer of thermal insulation material (Aspen Aerogel, ~5mm thick) was pressed down
through the needles. The prepared superhydrophobic surface was then pressed through the
needles as shown schematically in Figure 2.1. The polymer substrate was pierced by the needles
insuring a good seal between needle and surface. To maintain a specific needle height above the
superhydrophobic surface, a glass slide with Kapton tape shims of the desired thickness was used
as a spacer. In this way, the polymer substrate was pierced with needles to the height determined
by the thickness of the tape. A series of hybrid surfaces with 5 × 5 needle arrays on pitches
ranging from 1-3 mm was fabricated.

40

Figure 2.1 Schematic of the fabrication sequence for forming a hybrid superhydrophobichydrophilic surface, needle images (top, left) and a representative fabricated surface (bottom,
left)

2.2.3 Characterization of Superhydrophobic Surfaces
The surface structures were studied by field emission scanning electron microscopy (FE
SEM, Amary 1910) and optical microscopy (Nikon-SMZ 1500). The static contact angles (CAs)
and roll-off angles were measured with a goniometer (250-F1, ramé-hart Instrument Co) at room
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temperature and pressure using distilled water. Droplet volume of 2-5 μL and 10 μL were used to
measure CA and roll-off/slip angle respectively.

2.2.4 Condensation experiment
Condensation studies were performed in a Delrin® condensation chamber, specially built
for these experiments, as shown schematically in Figure 2.2. The cylindrical chamber
dimensions are as follows: inner diameter: 100 mm, depth: 60 mm, and wall thickness: 25 mm.
The top of the chamber was sealed with a glass window that was fitted with an O-ring seal. An
aluminum cooling stage was mounted into the base of the chamber, also with an O-ring seal. A
fluid channel was drilled through the cooling stage and compression fittings were attached
enabling the flow of chilled fluid to maintain the base at a constant temperature.

The

temperature of the fluid was maintained with a chiller (NESLAB RTE-740, Thermo Scientific,
USA). The substrate to be tested was placed onto the cooling stage using a thin layer of thermal
grease.
To create a flow of humid air through the chamber, a stream of dry air (at a 10 psi
delivery pressure, flow rate of 50 cc/min) was introduced to a heated water bubbler maintained at
80 0C to saturate the air stream before entering the condensation chamber. The humid air entered
on one side of the chamber and exited on the opposite side through compression fittings to insure
air-tight seals. To maintain a constant pressure within the chamber, and exclude dry air from
entering, the outlet of the condensation chamber passed through a silicone oil bubbler to
maintain a constant back pressure of 95 Pa. The relative humidity (RH) and air temperature of
the chamber was monitored using a Traceable® Hygrometer, Thermometer, Dew point probe
(model 4085 Control Company, USA) using a compression fitting mounted through the wall of
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the Delrin chamber. The probe was positioned 20 mm above the condensation surface in the
center of the chamber.

Figure 2.2 Experimental Set-up for Condensation study

The temperature of the condensing surface was monitored using a precision fine wire
thermocouple (CHL-005, 127 µm diameter) or sheathed thermocouple (CHQSS-020G-6 508 µm
diameter sheath) purchased from Omega Engineering Inc, USA. The thermocouples were
inserted through a rubber septum that was fitted into a hole drilled through the chamber wall. By
bending the wires or sheath, the thermocouple could be held in contact with either the needle tip
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or SH surface through the spring force of the wire. Temperature values were recorded with the
chamber closed and maintained at operating conditions. The tilt of the condensing surface was
adjusted by tilting the chamber at a specific angle relative to the horizontal. Images of the
condensation process were acquired with using a Nikon-SMZ 1500 (1x objective) stereo
microscope equipped with an Infinity-2 digital camera at pre-set time intervals (1 to 5 min) and
then analyzed using ImagePro7 software.
2.2.5 Test Sequence
To evaluate the condensation rate, a hybrid surface was placed on the cold plate using
grease as a thermal interface material and the chamber was sealed. Dry air was purged through
the chamber (200 mL/min for 45 minutes) during which time the chiller was set to the specified
value (typically 5oC). Upon reaching a stable temperature, the air flow was reduced (25-50
mL/min) and switched from the dry air source to the preheated water bubbler to introduce the
humidified air flow. The introduction of humid air was defined as the starting time for the
condensation observations.
2.2.6 Determination of water collection rate
The water that condensed and rolled-off the surface was quantified by two techniques:
weighing the collected water and optical measurements of the diameter of the droplets
immediately before roll-off. To collect the water that condensed and rolled-off the surface, a
superhydrophobic funnel was fabricated such that water rolling off the hybrid surface was
directed into a vial.
The superhydrophobic funnel was made from the same material as the test surface, and
subsequently cut and folded into the shape of a funnel (Figure 2.3a). The funnel was placed
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under the condensation substrate to collect the water and direct it into the vial (1.8 mL,
CryoTube™ Vial, Nunc, USA) as shown in Figure 2.3b. Water collection rates were calculated
by weighing the water collected in the vial over the full length of the experiment and dividing by
the total time.

Figure 2.3 Water collection assembly: a) Superhydrophobic funnel and collection vial b) A
schematic of the water collection set-up.
A second method to determine condensed water volume was based on calculating the
volume of droplets measured by optical microscopy. The droplet diameter was measured in the
last image recorded before roll-off and the volume was calculated assuming a perfectly spherical
drop shape. Images were typically recorded from looking down onto the substrate as shown in
Figure 2.9 unless otherwise indicated. Thus total water roll-off volume or mass was calculated
by summing all droplets over the entire course of the condensation study.
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2.2.6 Heat transfer Study
Heat transfer during dropwise condensation on the hybrid superhydrophobic surface was
determined by measuring local surface temperature along the length of the needle by attaching a
series of thermistors along it length (figure 2.4).

Figure 2.4 : a) Schematic of needle array with an isothermal FR-4 laminate attached to facilitate
the measurement of the needle temperature (cross sectional view), b) Image of the substrate used
for the heat transfer study with superhydrophobic surface removed to show thermistor
attachment to the laminates soldered to the needle array.

2.3. Results and Discussion
2.3.1 Characterization of the superhydrophobic (SH) and hybrid superhydrophobichydrophilic surfaces
The superhydrophobic (SH) surface is composed of silica nanoparticles partially embedded
into the polyethylene substrate forming a surface with hierarchical roughness. The roughness
results from the primary silica particle size (20 nm) as well as agglomerates of these silica
nanoparticles (100-200 nm in diameter) as shown in SEM images in Figure 2.5. The static
contact angle and slip angle of the SH background surface (Figure 2.5b inset) were measured to
be 168 ± 2o and 2o respectively. The hybrid superhydrophobic-hydrophilic surface (hybrid
surface) surface exhibited a similar static contact angle when a drop was formed on the needle.
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Figure 2.5 SEM image of the superhydrophobic surface at low magnification (a) and higher
magnification (b), an image of a 3µL water droplet on the superhydrophobic surface used for
contact angle measurements (CA ~ 168o) (Inset).
The slip angle of a droplet pinned on the tip of the needle, however, increased to 21o when the
height of the needle was 300 µm above the SH surface. The higher slip angle (21o or 2o) results
from the longer TCL which forms along the liquid-steel interface as well as the relatively low
receding contact angle of water on the hydrophilic steel surface. An increase in slip angle with
lengthening TCL was similarly observed when droplets wet the sides of sloped posts of
polydimethylsiloxane.55

2.3.2 Sustained dropwise condensation on the hybrid surface
Figure 2.6 shows DWC on a hybrid surface due to condensation of water vapor on it. A
single needle, before the start of condensation is shown in Figure 2.6a. Water condenses on the
needles during the experiment forming nearly spherical droplets that remain in the Cassie state
(CA ~168o) as shown in the Figure 2.6b. The DWC on the hybrid surface was observed due to
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preferential nucleation and droplet growth on the needle tip as shown schematically in Figure
2.6c.
Continuous DWC on the hybrid surface was observed over the course of 28 h as seen
from the images in Figure 2.7. Once humid air was introduced into the chamber, condensation
was observed to selectively occur on the cooler, hydrophilic needle surfaces (temperature of the
needle was 10oC whereas background SH surface was 12oC) as shown in Figure 2.7a. This
selective condensation is consistent with predictions based on the effect of surface energy on
droplet nucleation rates. The high nucleation rate on the needle surface and relatively sparse
nucleation of droplets on the SH surface are apparent in Figures 2.7a, c and 2.8h.

The

preferential nucleation on the hydrophilic needle surface (CA~77o) rather than the
superhydrophobic polyethylene nanocomposite surface (~105o) is calculated to be 1049 using the
equation from reference 51. The 2oC lower temperature of the needle also enhances preferential

Figure 2.6 Condensation on a hybrid surface a) a single needle before condensation begins.; b)
side view of a single drop, c) a schematic of droplet growth due to preferential nucleation and
droplet growth on the hydrophilic needle.

nucleation on the needle surface. Since the condensation of water is an exothermic process, heat
released during condensation must be dissipated to maintain the temperature of the liquid below
the dew point in the chamber. For droplets pinned on needles, heat can be conducted from the
liquid drop, through the needle to the heat sink. For droplets that randomly nucleate on the SH
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Figure 2.7 Optical microscope images during condensation showing the growth and release of
droplets over 28.8 hours where droplets maintained a superhydrophobic Cassie state throughout:
a) preferential nucleation and droplet growth on the needle array observed 0.03 h (or 2 min) after
introduction of moist air, b) fully grown droplet array just before roll-off, c) starting a second
cycle of droplet nucleation after 3.63 h, d) cycle 2 just before roll-off after 6.72 h total elapsed
time e) and f) droplets after more than 26 h and 28 h demonstrating long-term stability of
superhydrophobicity. (RH, 68 ± 2 %; cooling stage temp, 5o C; surface Temp: 10oC for needles,
12 o C for PE-SH surface; surface tilt angle, 22 o).
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substrate, heat will be conducted through the insulating SH surface and so will be dissipated
more slowly. Over the course of the experiment, the temperature of these isolated droplets is
expected to increase and so their relative growth rate slows over time due to relative preference
for evaporation. The sparse nucleation on the SH surface and the slow rate of growth of these
droplets can be seen in Figures 2.7 and 2.8.The growth of droplets on the needle tips proceeds
not only by condensation of vapor, but also through the merging of the satellite droplets formed
on the background SH surface which have either rolled into the pinned droplet, or have been
imbibed by the growing droplet.

Figure 2.8 View of the condensation surface recorded every hour during the first cycle of nucleation,
growth and roll-off. Optical microscope images from the top (below red line) and side (above red line)
were recorded simultaneously using a 45o mirror: a) at the beginning of condensation experiment, b-f)
after 1, 2, 3, 4 and 5 h of growth, g) immediately before roll-off and h) after almost all droplets rolled-off
the surface. (RH, 68 ± 2 %; cooling stage temp, 5o C ; surface Temp, 10-12 o C; surface tilt angle, 22 o).

Figure 2.8 shows a series of optical images at 1 h time intervals during a condensation
experiment which covers one full cycle of nucleation, droplet growth and roll-off. Initially (2
min after onset) water is condensed onto the needle tips which are not yet visible. After one hour,
spherical droplets, 0.869 ± 0.063 mm diameter, are easily observed in the optical microscope
images. As the droplets continue to grow, the spherical droplet shape and CA of 168 ±2 o is
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maintained (Figures 2.8b-g). The growth rate of the droplets pinned on the needles is 0.25 mg/h
or 4.2 × 10-3 mg/min as determined by measuring the increase in droplet volume. Most droplets
rolled off from the surface between 5.28 and 5.53 h of elapsed time. A sequence of photos taken
during a separate experiment is shown in Figure 2.9; images were recorded at 5 min intervals. To
initiate roll-off, the droplet must reach a critical volume, above which gravity is sufficient to
overcome the forces acting at the TCL, which allows the pinned droplet to begin rolling
downslope towards the funnel.

Figure 2.9 Continuous dropwise condensation: a) shows preferential nucleation and droplet
formation at the tip of the needle 2 min after starting the condensation experiment, b) droplets
grow and approach the critical mass c) droplets from the top two rows (circled areas) have
rolled-off from the surface and regenerate the surface for another set of nucleation and droplet
growth, d) & e) droplet roll-off from third and fourth rows at 2.62 and 2.72 h respectively f)
droplet roll-off cycle continue up to ~18 h without affecting the surface performance. (RH, 68 ±
2 %; cooling stage temp, 5o C ; surface Temp, 10-12 o C; surface tilt angle, 22 o).

As the droplet rolls downwards, all droplets in its path, both those droplets pinned on
needle tips as well as smaller droplets nucleated on the SH surface, merge with the moving
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droplet and are carried away leaving a swath free of condensate (Figure 2.8h and 2.9). After rolloff water continues to condense preferentially on the needles; new droplets are seen growing in
Figure 2.9d & e. This cycling process (nucleation-growth-roll off) is repeated numerous times
throughout the condensation experiment with no evidence of water wetting the superhydrophobic
surface. The CA between droplets and the SH surface was maintained above 165o throughout, as
shown in Figure 2.6b, 2.7 & 2.8. This is true for both the large droplets pinned by the needles, as
well

Figure 2.10 Optical images: a) a hybrid surface before the condensation experiment, b) droplets
form high CA (>162o) and roll-off the surface after 5.5 days of continuous operation. (Relative
humidity (RH), 68 ± 2 %; cooling stage temp, 5o C ; surface Temp, 10-12 o C; surface tilt angle, 33 o).

as smaller droplets that randomly nucleate on the SH surface. Condensation experiments have
been studied for more than 5 days (see Figure 2.10) without any indication of water wetting the
SH surface or a reduction in contact angle (see Figure 2.10b).
2.3.3 Effect of surface chemistry and morphology on condensation rates
To determine the relative effectiveness of the hybrid superhydrophobic surface on water
collection, condensation experiments were performed on a series of surfaces with different
surface chemistries and textures. Flat, smooth surfaces of copper, polyethylene and silicon
(treated with dichlorodimethylsilane) were used to compare flat surfaces that are hydrophilic,
hydrophobic with high CA hysteresis (CAH = 25o) and hydrophobic with low CA hysteresis
(CAH = ˂ 1o) respectively. Images of the condensation process for these three materials, as well
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as the SH-PE and hybrid surface are shown in Figure 2.11; water accumulation rates are
compared in Table 2.1. On the copper surface, filmwise condensation of water occurred
exclusively with no droplet formation observed. After only 2 or 3 minutes, a continuous film of
water formed on the surface as shown in the Figure 2.11a-i. As condensation progressed, the
water film became thicker, especially in the downslope region where the leading edge of the
water was pinned at the front edge of the copper block (Figure 2.11a-ii & iii). The average water
collection rate observed on this surface was the lowest of all surfaces tested 8.0 × 10-4 mg/mm2min ( see table 2.1), even though copper has the highest thermal conductivity of any substrate
tested. This is due, primarily, to the filmwise condensation process observed on this surface as
well as the pinning of water on the edge of the substrate.

Figure 2.11 Optical microscope images of condensation of water vapor on different control
surfaces with different wettability and roughness: (a) Clean copper, (b) Polyethylene film, (c)
Hydrophobic silicon, (d) Superhydrophobic PE (SH-PE) surface for comparison with (e) Hybrid
surface at different stages of the condensation process. On most surfaces initial dropwise
condensation leads to the formation of bigger droplets. On clean copper, a continuous water film
forms after few minutes (~0.42 h). (RH, 68 ± 2 %; cooling stage temp, 5o C ; surface Temp, 1012 o C; surface tilt angle, 33 o).

53

On a hydrophobic polyethylene surface, dropwise condensation was observed to occur.
Nucleation of droplets occurred uniformly across the surface within 3 min after the beginning of
the experiment. Hemispherical drops, consistent with the 94o static CA of water on polyethylene,
were clearly visible after 15 min and uniformly covered the surface (Figure 2.11b-ii). Over time,
these droplets continued to grow with adjacent drops merging upon contact to form larger
droplets. After 5.25 h, droplet diameters ranged from 3.6 to 4.0 mm. Due to the low receding
contact angle of water on this surface (θR = 69o) relatively massive droplets (~14 mg or 3.8 mm
diameter, see table 2.1) were required before roll-off could occur, requiring more than 5 h of
condensation time to accumulate. The average condensation rate, measured over the 14-16 h of
the experiments was 13.0× 10-4 mg/mm2-min, which is 63 % greater than the rate observed on
the copper surface.
By using a hydrophobic Si surface with a low CAH, the critical droplet size required for
droplet roll-off was considerably reduced by a factor of 70 from 14 to 0.2 mg. The silanized
crystalline silicon surface, with a receding CA (θR) of 102o and CAH of 3o, exhibited a high
density of nucleated droplets, similar to the polyethylene surface, during the initial stages of the
experiment (see Figure 2.11c).

The critical droplet size required for roll-off was smaller;

droplets with a mass of 0.2 mg or 0.710 ± 0.016 mm diameter were able to roll off the surface.
This roll off process was evident after 2h, well before the hydrophobic HDPE50,56 or hydrophilic
clean copper surface. However, the water collection rate, as measured by the water collection
method was increased by 27 % compared to untreated PE.
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Table 2.1 Effect of surface chemistry and structure on condensation water collection

Substrate

Contact
Angle
(degree)

Contact
Angle
Hysteresis
(degree)

Time to
first rolloff (h)

Critical Droplet
Mass (g) x 10-3

Water Collection
Ratea (mg/mm2min) × 10-4

Clean Copper

<5

>90

>5

-

8.1 ± 1.1

Polyethylene

94

25

>5

14

13.2 ± 1.4

104

3

2

0.2

16.7 ± 1.0

168

˂2

1

0.1

15.8 ± 1.7

168

˂2*

2.5

2.4

34.4 ± 0.5

Flat hydrophobic
silicon
Superhydrophobic
PE
Hybrid
a

Average water collection rate and its standard deviation were calculated from three experiments of each
surface. (RH, 68 ± 2 %; cooling stage temp, 5o C ; surface Temp, 10-12 o C; surface tilt angle, 33
o
).*CAH measured on SH background surface.

Condensation on the SH-PE surface was similar to the silanized silicon surface. Drops
on both surfaces are highly mobile with CAH in the range of 2-3o and nucleation was observed
to occur rapidly upon introduction of moisture. Although the time to the first roll-off event was
50% shorter, and the critical droplet mass was 50% smaller, the overall collection rate was
slightly slower (15.8 ×10-4 vs 16.7 × 10-4 mg/mm2 -min). The slower collection rate may be due
to lower thermal conductivity of SH-PE, compared to silicon.
The hybrid surface showed the fastest water collection rate of all samples tested (34.4 ×
10-4 mg/mm2-min). This rate is twice as fast as the silanized silicon (flat hydrophobic) surface.
Enhanced nucleation and heat transfer on the high aspect-ratio hydrophilic steel needles, as well
as the low CAH of the SH-PE surface, combine to provide the superior properties. Moreover, the
larger critical droplet mass (2.4 or 0.2 × 10-3 g) at similar time to roll-off means that a large
swath of the down slope droplets will be imbibed and roll-off.
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2.3.4 Effect of surface tilt angle on water collection rate
To study the effect of tilt angle on the water collection rate, the entire condensation
chamber was mounted at specific angles relative to the horizontal during the 10-14 h duration
experiments. Increasing the tilt angle resulted in an approximately linear increase in the water
collection rate as shown in Figure 2.12. The rate when the surface was tilted at 43o was 50%
greater than when tilted at 22o. Dropwise condensation, without wetting of the SH surface, was
observed at all tilt angles.

Figure 2.12. Effect of surface tilt angle on water collection rate and critical droplet diameter at roll-off
from the hybrid surface (A hybrid surface with a 5 × 5 needle array at 2 mm pitch, needle height above
the surface , 300 µm; RH, 68 ± 2 %; Surface temperature , 10-12oC; surface tilt angle 33o).

At higher tilt angles, the gravitational force acting on the droplet is greater. As a result, the
critical droplet diameter at roll-off decreases from 2 mm to 1.3 mm with tilt angle increasing
from 22 to 43o (Figure 2.12). At least 16 droplet roll-off events were evaluated to calculate the
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average critical diameter. The higher tilt angles result in higher condensation efficiency as the
critical mass required for the droplet roll-off decreases with increase in surface tilt angle.

2.3.5 Effect of needle array pitch on water collection rate
The effect of needle pitch on water collection rates for surfaces with 5 × 5 arrays of
needles that are 300 µm above the surface of the SH-PE is shown in Figure 2.13. As the
separation between adjacent needles is increased from 1.0 to 1.5 mm, a 30 % increase in water
collection rate was observed. This rate remains relatively constant on expanding the pitch to 2.0
mm, but decreases by more than 40% when the pitch is further increased to 3.0 mm.
In this case, however, the heat transfer between droplet and needle is the same for all
samples. By placing the needles closer together, droplets coalesce before roll-off, thereby
becoming pinned by two needles, rather than one. Because the TCL is doubled, a higher critical
mass is required before roll-off can occur, depressing the water collection rate. When needles
are spaced further apart, coalescence before roll-off does not occur, and high rates are observed.
Further increasing the distance to 3.0 mm, suppresses the water collection rate as a larger
percentage of the surface is no longer swept by droplets rolling off the surface. In this way, a
portion of the surface becomes inactive towards water collection.
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Figure 2.13. Effect of needle pitch on water collection rate on a hybrid surface (RH, 68 ± 2 %; surface
temperature, 10-12oC; surface tilt angle, 33o).

2.3.6 Effect of needle height on the rate of condensation
The height of the needles above the superhydrophobic surface affects the water collection
rates as shown in Figure 2.14 with a hybrid surface composed of a 5×5 needle array at 2 mm
pitch. As the height above the surface increases from 50 µm to 120 µm, a rapid increase in water
collection rate from 1.8 to 3.5 mg/mm2-min is observed. When the needles extend a relatively
short distance, the area for heat transfer between the droplet and the needle is limited. Thus the
water collection rate for needles extending 50 µm above the surface is the lowest observed and
only 30% greater than for a superhydrophobic surface without any needles (Table 2.2 and Figure
2.14). As the needle height is increased, the water collection rate increases reaching a maximum
rate at a height of 120 µm. The rate remains relative constant, decreasing only slightly at a
height of 300 µm. Above this value, the water collection rate decreases such that at a height of
480 µm the rate is reduced by 18 % from the maximum.
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Figure 2.14. Effect of needle height above the background surface on water collection rate (RH, 68 ± 2
%; cooling stage temp, 5o C ; surface Temp, 10-12 o C; surface tilt angle, 33 o).

There are several competing factors that explain these trends. As the height increases,
heat transfer between the drop and the needle increases owing to the larger contact surface area.
This explains the initial, sharp increase in water collection rates. However, as the needle length
increases, so does the TCL, thus increasing the force pinning the droplet to the needle surface.
With increasing droplet size, heat transfer between the outer drop surface (where condensation is
occurring) and the needle would be expected to decrease due to the increased distance over
which the heat would need to be conducted. Significant convection within the droplet would be
required to mitigate this increased distance. Based on the data, the balance of improved heat
transfer resulting from the larger needle is not sufficient to overcome the larger critical droplet
mass to achieve roll-off. Thus the water collection rate shows a gradual decline at needle heights
above 120 µm.
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Table 2.2 Effect of needle height on droplet roll-off, critical droplet mass and water collection
rate during dropwise condensation.
Needle Height

Time to first roll-off
(h)

Critical Droplet Mass
(g) x 10-3

Water Collection Rate
mg/mm2-min ×10-4

50

2.83

1.4

18.5 ± 2.3

100

2.37

2.0

27.8 ± 1.6

120

1.77

1.3

34.7 ± 0.8

300

1.57

2

33.5 ± 1.4

480

2.38

1.5

28.3 ± 1.6

2.3.7 Effect of cooling stage temperature on water collection
Reducing the temperature of the steel needles generally results in faster condensation
rates as the heat can be conducted away from the needle tips more rapidly. The needle tip
temperature is controlled indirectly by adjusting the fluid temperature that flows through the sink
to which the needles are thermally coupled.

However, the cooler environment within the

chamber can also affect the dew point (i.e. the temperature at which air becomes saturated with
water vapor) of the vapor above the needles. For a given needle tip temperature, a higher dew
point would result in a more rapid condensation rate. Thus it is the difference between dew point
and needle temperature (ΔT) that correlates with condensation rate.57 Temperatures within the
condensation chamber for three different conditions are shown in Table 2.3. Increasing the ΔT
from 3.8 to 6.4oC results in a 38 % increase in water condensation rate from 24.2 × 10-4 to 33.5 ×
10-4 mg/mm2-min. This higher rate is due, primarily, to the lower tip temperature. Further
reduction in the tip temperature, however, did not lead to an increased condensation rate because
the dew point temperature also decreased, resulting in no net change in ΔT.
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Table 2.3 Condensation experiment parameters: sink set point, needle tip temperature, vapor
temperature, dew point, and water collection rates.
Sink set
Vapor temp
Needle tip temp
point
Tvap (oC)
o
Ttip ( C)
o
( C)

1
5
9

10.2± 1.3
12.5± 0.7
15.2± 0.4

Dew point
TDew (oC)

23.4 ± 0.3 16.6 ± 0.3
23.8 ± 0.5 17.8 ± 0.8
24.2 ± 0.6 19.0 ± 0.4

ΔT = (TDew. – Ttip )
(oC)

Water condensation ratea
(mg/mm2-min) × 10-4

6.4 ± 1.3
5.3 ± 1.1
3.8 ± 0.7

33.1 ± 0.2
33.5 ± 1.4
24.2 ± 0.4

a

Condensation rate is the average of three experiments based on the total water collected over the 10-14
h (Needle height, 300 µm; needle array pitch, 2 mm; and % RH, 70 ± 2; surface tilt angle, 33o).

2.3.8 Determination of condensation rate from the heat transfer study
Three thermistors were used to measure the temperature gradient along the needle and then a
linear extrapolation was applied to get the needle tip temperature. This tip temperature was then
used for the calculation of an effective heat transfer coefficient and finally condensation rate was
calculated.

Figure 2.15 Schematic of the heat transfer path during the dropwise condensation process in the
hybrid superhydrophobic-hydrophilic surface (cross sectional view with single needle and
droplet on it).
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The heat dissipated along the needle can be calculated using Fourier’s Law (Eq.2.1) of heat
conduction:
∆𝑇

̅̅̅̅̅
𝑄 = 𝑘𝐴
𝐶𝑆 ∆𝑥

Eq.2.1

Where k is the thermal conductivity of the needle, ̅̅̅̅̅
𝐴𝐶𝑆 is the needle average cross sectional area,
ΔT/Δx is the spatial gradient of temperature along the needle. Average cross sectional area of
needle diameter from 0.2 mm at the tip to 0.5 mm at base was used.
The effective heat transfer coefficient was calculated by:
𝑄

ℎ𝑒𝑓𝑓 = 𝐴

𝑒𝑥𝑝 (𝑇𝐷𝑒𝑤 −𝑇𝑇𝑖𝑝 )

Eq.2.2

Where heff is the effective heat transfer coefficient, T Dew is the dew point temperature, TTip is the
needle tip temperature and Aexp is the surface area of the needle that is exposed to the saturated
vapor mixture. In this case the effective heat transfer coefficient is that of the needle and gives
the relationship between the heat flux, Q/A, and the temperature difference, T Dew - TTip.
The overall condensation rate on the needle was calculated using equation 2.3, presented
previously by Incropera57.

𝑚̇ =

ℎ𝑒𝑓𝑓 𝐴𝑒𝑥𝑝 (𝑇𝐷𝑒𝑤 −𝑇𝑇𝑖𝑝 )
ℎ𝑓𝑔

Eq.2.3

Where heff is the effective heat transfer coefficient, Aexp is the surface area of the needle tip that
is exposed to the saturated vapor, TDew is the dew point temperature, TTip is the inferred needle
tip temperature and hfg is the specific enthalpy of the saturated vapor.
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Figure 2.16 is a plot of the change in inferred condensation rate of the needle with time.
After the addition of the saturated vapor to the condensation chamber, a rapid increase in
condensation on the needle occurs, from ~8.4×10-3 mg/min to 14.4×10-3 mg/min. Subsequently,
the condensation rate on the needle stabilizes and reaches an average condensation rate of 13.2 ×
10-3 mg/min, with a standard deviation of 1.7 × 10-3 mg/min from 100 to 1240 min. As it was
stated previously in section 2.3.2, that if a steady rate of heat was being dissipated into the
needle, then a constant rate of condensation was occurring on the needle, the data in Figure 2.16
validates this argument. The relatively constant condensation rate, ~13.2×10-3 mg/min, can be
attributed to two things: the previously described wettability of the needle and the conditions
within the chamber. After a period of approximately 100 minutes, the humidity levels in the
chamber have reached a constant level. The constant surface condition of the needle, due to the
presence of the liquid film, and the constant humidity level in the condensation chamber result in
an almost constant condensation rate on the needle.

Figure 2.16 Plot of condensation rate on needle with time
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2.3.9 Comparison of rate of condensation from water collection and heat transfer study
The condensation rate calculated from the heat transfer study is in good agreement with
condensation rates determined using the two different experimental methods as summarized in
Table 2.4. In the heat transfer study, the condensation rate was calculated to be 13.2 ×10-3
(±1.7× 10-3) mg/min based on data from only the needle labeled #1 in Figure 2.17.

The

condensation rate on this same needle was also determined experimentally by measuring the
diameter of droplets immediately before roll-off and summing the calculated volumes over the
duration of the experiment. In this case, the condensation rate was exactly the same as that
determined from the heat transfer study: 13.2 ×10-3 mg/min.
The overall water collection rate for this hybrid surface consisting of a 5 × 5 needle array
(needle height=300 µm, needle pitch= 2 mm, tilt angle=33o, cooling stage temperature = 5oC)
was measured to be 261.9 × 10-3 mg/min as determined by weighing the total water collected.
Assuming uniform behavior for each needle, the collection rate per needle would be 10.5 ×10-3
mg/min. This average value is 20% lower than the value for needle #1 (see above and Table
2.4). The drop diameter method can be used to calculate an average collection rate as well.
Using seven needles labeled in Figure 2.17, an average value for the water collection rate was
calculated to be 285.0 × 10-3 mg/min in good agreement (~8 % difference) with the water
weighing method. This result indicates that the condensation rate on all needles is not the same
and that needle #1 experiences an accumulation rate higher than average.
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Figure 2.17 Microscope photo of the hybrid surface showing the seven needles selected to calculate the
water collection rate by measuring the droplet diameter just before droplet roll-off. Needle#1 was used for
the heat transfer study.

Considering the position of needle 1 within the condensation chamber, a higher rate of
condensation is not surprising. Needle #1 was located closer to the vapor inlet port than the
other needles in the array. Thus the higher local RH would result in higher condensation rates.
The overall good agreement between condensation rates determined from various measurement
techniques supports the heat transfer model presented in sections 2.3.8.
Additional support for the thermal model was obtained by measuring the water
condensation rate as a function of needle thermal conductivity. If the rate limiting step for
condensation was conduction of heat along the needle (5.4 mm in length), then increasing the
thermal conductivity of the needle would increase the condensation rate. To test this hypothesis,
a hybrid surface was fabricated using tungsten (h = 173 W.m-1.K-1) rather than steel (h = 50
W.m-1.K-1) needles. The water collection rates for these two needle materials, however, were the
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same within experimental error (3.6×10-3 ± 0.4×10-3 mg/mm2-min vs 3.4×10-3 ± 0.1×10-3
mg/mm2-min for W and steel respectively).
From this result, we can conclude that the rate limiting step for water condensation is
thermal transport from the vapor-liquid interface, across the droplet to the needle. This is
consistent with the model presented in section 2.3.8 and the high Reynolds number within the
growing droplet.
Table 2.4 Condensation rates from heat transfer study, roll-off water droplet diameter
measurement and water collection study.
Condensation rate (mg/min)
Calculated
from
Effective
Heat Transfer
Coefficient

Determined from measurement of droplet diameter
before roll-off
Using Needle #1 only

Using Average of 7
needles

Determined
using total
mass of water
collected

Condensation rate Per needle

13.2 x 10-3

13.2 x 10-3

11.4 x 10-3

10.5 x 10-3

Condensation rate for full
array of 25 needles

330.0 x 10-3

330.0 x 10-3

285.0 x 10-3

261.9 x 10-3

2.4 Conclusion
A hybrid superhydrophobic-hydrophilic surface was fabricated by impaling a
superhydrophobic polymer film onto an array of steel needles thermally connected to a heat sink.
Due to the greater wettability and lower temperature (ΔT = 2oC) of the metal surface, water
vapor preferentially nucleates and grows on the needle tips. As condensation continues and
droplets pinned on the needles grow, the droplets remain in the superhydrophobic Cassie state;
no transition to a wetted (i.e. Wenzel) state was observed even after 5 days of continuous
operation. When the droplets reach a critical mass, gravitational forces overcome the forces at
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the triple contact line and the droplet rolls off the tilted substrate. As the droplet rolls-off, it
collides with and imbibes small droplets condensed on the superhydrophobic surface as well as
other, smaller, drops pinned on downslope needles. This leaves the needles and a swath of SH
surface clear of liquid water and ready for another cycle of nucleation and droplet growth.
Condensation rates on the hybrid superhydrophobic-hydrophilic surface were twice as
fast as either a superhydrophobic surface alone or a silane-treated silicon surface with CA 104o
and CAH of 3o and 4 times greater than pure copper. This demonstrates the improvement that a
combination of dropwise condensation and selective nucleation can have on heat transfer
efficiency.
The geometry of the hybrid surface was shown to affect condensation rates. Optimal
values were found for both needle height and needle pitch, illustrating trade-offs between
effective heat-transfer and droplet pinning on the hydrophilic needle surface. Water collection
rates increase with higher tilt angles as smaller droplets can roll-off the surface and roll-off
events occur more frequently.
A model of the heat transport was developed based on the assumption that a convectionconduction balance exists at the needle tip. Energy released during the condensation process is
convected from the vapor-liquid interface to the needle tip from which the energy is then
conducted through the needle. This model is consistent with the high Re for the droplet as well
as the excellent agreement between experimental and calculated water collection rates.
Increasing the thermal conductivity of the needle does not affect water collection rates,
indicating the importance of convection within the droplet to transport heat and increase water
condensation rates.
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Chapter 3: Designing protein repellent surfaces: effect of surface
wettability and chemistry
Abstract
Here we study the effect of surface chemistry and wettability on the adsorption of
proteins with the goal of designing protein repellent, biocompatible, surfaces for medical
devices, diagontics, pharmaceutical and food processing applications. To this purpose oxidized
silicon wafers were modified to render them either hydrophilic or hydrophobic. Hydrophilic
surfaces with different surface chemistry were prepared by attaching: a) polyethylene glycol
silane (PEG) or b) a zwitterionic siloxane (sulfobetaine siloxane; SBS) to the oxide surface.
Hydrophobic surfaces were prepared by coating the silicon oxide surface with: a) polydimethyl
siloxane (PDMS), or b) a chemical vapor deposition of dimethyl dichlorosilane (DMDCS).
Prepared surfaces were characterized by contact angle goniometry and X-ray photoelectron
spectroscopy (XPS). Surfaces were exposed to protein solutions of bovine serum albumin
(BSA), fibrinogen, and lysozyme and protein adsorption on the prepared surfaces were studied as
a function of time using confocal fluorescence microscopy (CFM), XPS and contact angle (CA)
measurement techniques. Maximum protein adsorption was observed on clean, unmodified
hydrophilic silica surfaces (CA ~ 4°). Almost no protein was observed on PEG- and SBS-coated
hydrophilic surfaces as indicated by CFM and XPS. Intermediate amounts of protein adsorption
were observed on hydrophobic surfaces. Protein absorption was shown to change the wettability
of the surface as measured by changes in CA. PEG- and SBS-modified surfaces showed almost
no change in CA, which indicated little or no protein adsorption. Coating of a hydrophilic silicon
dioxide surface with PEG or SBS was shown to be an effective approach to designing protein
repellent surfaces.
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3.1 Introduction
The adsorption of protein at interfaces plays an important role in both natural and
synthetic systems. In many biological, technical, biochemical, pharmaceutical and food
processing applications, interactions between surfaces and proteins are sometimes desirable1-3
but in other undesirable4,5 depending on the specific application. Several medical and
biotechnology applications are based on specific interactions between surface bound
biomolecules such as antibodies, antigens, and affinity ligands with proteins in solutions. Nonspecific protein adsorption could be a potential problem if it competes favorably with specific
interactions. This results in a low accuracy (by lowering the signal to noise ratio) in analytical
procedures and poor efficiency in therapeutic applications. 4-7 The initial protein adsorption on
the surface also modulates the cell response8 and cell’s differentiation or biofilm formation on
the contact surface. This can make a significant impact on the biocompatibility or reliability of
the surface in various technological applications such as cell culturing, biosensors, medical
implants and antimicrobial surface fabrication. The amount of protein adsorbed on a surface is
primarily controlled by the various interactions between protein molecules and surface, such as
electrostatic and van der Waal’s interactions, hydrogen bonding, and the entropy gain from
structural rearrangement of the protein or release of counter ion or solvent molecules.
Surface wettability9-12 and chemistry13,14 can play an important role in nonspecific protein
adsorption from solution on to a solid surface. Proteins are generally asymmetric and complex
molecules. They are made from twenty different amino acids and are nanometers in size. Protein
molecules can contain hydrophilic, hydrophobic, positively charged, or negatively charged
regions on their surfaces. Thus when a negatively charged surface is exposed to a protein
solution, the positively charged regions of the protein can be attracted via electrostatic
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interactions to the surface. For a positively charged surface, it attracts through negatively
charged regions of the protein molecule. Similarly, when protein molecules in a solution are
exposed to a hydrophobic surface, the hydrophobic regions of the protein are attracted to the
surface to minimize the energy of the whole system. Usually, soft proteins (which can easily
undergo structural rearrangement to attain a thermodynamically stable conformation) like bovine
serum albumin (BSA) and fibrinogen are adsorbed onto a hydrophobic surface, overall entropy
of the system increases. These proteins can undergo structural alterations and the water
molecules or counter ions, which are bound to protein or the adsorbent surface, can rearrange
upon its adsorption on the surface. For hydrophilic surfaces, the hydrophilic regions of the
protein interact with the surface through hydrogen bonding and electrostatic interactions (if the
surface is charged like a clean glass surface).
Protein-repellent surfaces can be prepared by modulating the above interactions between
protein and an adsorbent surface. One approach is to change the surface chemistry by coating the
surface with inert hydrophilic molecules like polyethylene glycol (PEG), mannitol, or
zwitterionic molecules. Some studies indicate that the interaction between protein, adsorbent
surface and the surrounding water molecules also plays an important role in protein adsorption
on the surface.15,16 Thus surface wettability, which reflects the interaction of water molecule at
the interface, plays an important role in the adsorption of protein from aqueous solutions. The
surface wettability can be modulated by surface characteristics such as the surface chemistry,
charge on the surface, and surface roughness. Based on the above background knowledge,
protein resistant surfaces (i.e. inert to protein adsorption) can be achieved by incorporating the
following functionalities at the surface: hydrogen bond acceptor groups (but no hydrogen bond
donor groups), polar moieties, and zero charge.17,18 Surfaces functionalized with different sizes
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of polyethylene glycol oligomer or polymer chains [-(O-CH2-CH2)nOR, R=H, CH3, n = number
of repeating units and typically less than 40] can prevent protein adsorption by exhibiting
unfavorable steric hindrance (the prevention or retardation of inter or intra-molecular interaction
due to the spatial arrangements of a molecule or the atoms in a molecule) to the approaching
protein molecules.19-23 Self-assembled monolayers (SAM) terminated with as few as three
repeating units of ethylene glycol (n=3) showed resistance to protein adsorption.10,11 Inertness of
the surface coated with high molecular weight PEG, suggests the presence of solvent (i.e. water)
molecules tightly bound to the PEG layer. This solvent structure prevents the approach of the
protein to the surface and hence, prevents protein adsorption.24
A zwitterionic molecule-coated surface could also prevent the adsorption of proteins as it
prevents the release of counter ions and rearrangement of the water molecules that are bound
tightly with the charged moieties attached to the surface. Thus there would not be any favorable
entropic gain, which generally drives protein adsorption on the surface from solution. That is
why a zwitterionic molecule coated surface prevents the adsorption of protein from solution.25-28
Estephan et al26,27 developed a protein resistant surface by modifying SiO2 nanoparticles with
zwitterionic sulfobetaine siloxane (SBS), which showed comparable protein resistant properties
as PEG-modified surfaces. Efforts have been made to develop protein resistant surfaces via
surface polymerization of functional monomers containing PEG29 and SBS30 in their side chains
or by grafting the polymer, with the side chains containing those moieties, to the surface.
Mannitol [C6H8(OH)6]-terminated SAM31 surfaces are as protein resistant as PEG-coated
ones. A layer of adsorbed solvent (water) structure on a mannitol monolayer could prevent the
approach of the protein to the surface but this mechanism is still not confirmed. This surface is
not as well characterized as PEG surfaces. Phosphorylcholine,32,33 oligo(phosphorylcholine)32
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terminated SAMs and surfaces coated with polymers34-38 containing a phosphorylcholine moiety
at the side chain also act as the protein repellent surfaces via similar mechanisms as mannitol.
Surface hydrophobicity plays an important role in protein adsorption from aqueous
solutions39 or blood.40 A hydrophobic surface shows higher protein adsorption compared to a
hydrophilic one due to the favorable hydrophobic interactions between protein and the
hydrophobic surface.39 Hydrophobic interactions originate from induced dipole-induced dipole
or London force between surface and protein, and rearrangement of water molecules due to
protein adsorption. Surfaces with moderate wettability (~60-80o) can absorb the maximum
amount of protein.41 Extremely hydrophobic surfaces (such as a superhydrophobic surface with
CA > 150o) show a lower tendency for protein adsorption42 and cell adherence than those of
intermediate hydrophobicity (e.g. methyl terminated silica surface). Studies have been performed
to investigate the effect of surface wettability10 (i.e. hydrophobicity) on protein adsorption on
several SAM surfaces made by attaching long chain (~C12) alkanethiols to a gold surface.11 But
due to lack of a uniform quantitative definition of hydrophilic/hydrophobic terminology15 and
limited research on these topics, the effect of wettability and surface chemistry on protein
adsorption is still not well understood.
In this study we designed experiments to understand the effect of surface wettability and
surface chemistry on protein adsorption from buffer solutions with the goal of making protein
resistant surfaces. To perform this study, we prepared various flat surfaces with different surface
chemistries. To achieve this we modified oxidized silicon substrates with PEG and SBS silane to
obtain hydrophilic surfaces with different chemistries. Hydrophobic surfaces were prepared by
modifying the oxidized silicon substrate with dimethyldichlorosilane (CA ~102o) or by coating
the silica surface with polydimethylsiloxane (sylgard-184) (CA ~112o). Protein adsorption on
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these surfaces was studied using model proteins with different physicochemical properties such
as molecular weight, size, isoelectric point (pI), etc. BSA, fibrinogen and lysozyme were chosen
as model proteins.
3.2 Material and Methods
3.2.1 Materials
Silicon wafers (P100) with a 0.5-1 µm thick oxide layer (thermally grown) from
Polishing Corporation of America (PCA), USA were cleaved to 10 mm × 10 mm pieces before
cleaning. Methoxy (polyethyleneoxy) propyltrimethoxysilane [C3H9O3Si(C2H4O)6-9CH3, MW:
590-650] and (N,N-dimethyl-3-aminopropyl) trimethoxy silane were purchased from Gelest,
USA. Propane sultone was purchased from TCI, USA. Extra dry toluene (99.8%), acetone, ACS
grade toluene, ethanol, and acetone were purchased from Fisher Scientific, USA and used
without any further purification. Bovine serum albumin (BSA) and fibrinogen (from
Table 3.1 Proteins used in this study and their concentration in human blood

Protein
Albumin, Bovine Serum (BSA)
Fibrinogen, Bovine
Lysozyme, Chicken Egg

MW
(KD)
69
340
14.3

Size
(nm)
7×4×4
47×5×5
4×3×3

Isoelectric
point (pI)
4.8
6
10.9

Concentration in human
blood (mg/mL)
35-55
1.2-1.6
(1-15)x 10-3

bovine serum, containing more than 75% clottable protein) were purchased from Fisher
Scientific, USA and Alfa Asear, USA, respectively. Lysozyme from chicken egg white and
dimethyl dichlorosilane (DMDCS) were purchased from Sigma Aldrich, USA. Fluorescently
labeled BSA (Alexa fluor® 488 conjugate), and fibrinogen from human serum (Alexa fluor®
488 conjugate) were purchased from Life technologies, USA. FITC labeled lysozyme was
purchased from NANOCS, USA.
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3.2.2 Synthesis of 3-(dimethyl (3-(trimethoxysilyl) propyl)-ammonio)propane-1-sulfonate
(or SBS)
Synthesis of the zwitterionic silane, 3-(dimethyl (3-(trimethoxysilyl) propyl)ammonio)propane-1-sulfonate (SBS, Figure 3.1) was performed according to the method
described by Estaphan et al.26 In short, to 1.0 g of propane sultone in 8.3 mL of dry acetone, 1.77
g of (N, N-dimethyl-3-aminopropyl)trimethoxysilane was added under nitrogen atmosphere at
room temperature. The reaction mixture was stirred vigorously at room temperature under a
nitrogen atmosphere for 6 h. The product was precipitated out as a white solid. The white
product was then separated by vacuum filtration and washed three times with acetone to remove
excess unreacted reagents. The pure SBS was vacuum dried and then stored in a desiccator for
further use.
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Figure 3.1 The structure and alphabetical labeling of the SBS (zwitterionic silane) molecule for
NMR peak assignment.
NMR Data: 1H NMR (DMSO-d6, 600 MHz): δ 0.53-0.56 (B, t, 2H), 1.67-1.69 (C, m, 2H), 1.941.97 (G, m, 2H), 2.44-2.46 (D, t, 2H), 2.98 (E, S, 6H), 3.19-3.21 (F, t, 2H), 3.35-3.39 (H, m, 2H),
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3.50 (A, S, 9H).

13

C NMR (DMSO-d6, 150 MHz): δ 65.01 (D, F), 62.49 (A), 50.12 (E), 47.67

(H), 18.90 (B), 15.62 (C), 5.28 (G).

3.2.3 Cleaning of silicon wafer surfaces
Oxidized Si wafer (P100) with 0.5-1 µm thick oxide layer was cleaned by sonication in
acetone and methanol (minimum 10 min each case). Then it was put in an oxygen plasma
chamber (Plasma Preen II-973) for 180 seconds or in piranha solution (H2SO4: H2O2, 3:1) at
80°C for 20 min. Finally the cleaned wafer was rinsed twice in ethanol and then rinsed several
times with excess DI water and dried under a nitrogen/air stream.
3.2.4 Preparation of SiO2-PEG and SiO2-SBS surfaces
A cleaned SiO2 substrate (silicon wafer) was refluxed in anhydrous toluene with ~50mM
of methoxy (polyethyleneoxy) propyltrimethoxysilane (PEG-silane) or SBS overnight to achieve
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Figure 3.2 Schematic shows the modification of silicon wafer with PEG and SBS molecule to
make SiO2-PEG and SiO2-SBS surfaces via silane coupling reaction using PEG and SBS silane.

PEG-modified (SiO2-PEG) or SBS-modified (SiO2-SBS) hydrophilic surfaces respectively (see
Figure 3.2). Then the surfaces were washed by sonication in DI water for 10 min to remove
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excess silane (which was not chemically bonded) from the surface. Surfaces were air dried and
used for subsequent protein adsorption studies.
3.2.5 Preparation of hydrophobic surfaces by modifying Si wafer with
dimethyldicholorsilane (DMDCS)
The methyl terminated hydrophobic surface (SiO 2-DMDCS) was obtained as shown in
Figure 3.3. A clean oxidized silicon wafer (P100) was placed in a custom-made vapor deposition
chamber. DMDCS (~0.5 mL) was added to the chamber and vacuum (~ 70 kPa) was applied for
~2 min. The chamber was sealed under vacuum and placed in an oven to heat at 60°C for 15
min and later kept at room temperature overnight to make sure that the substrate was completely
coated to generate a uniform hydrophobic surface. The surface was then cleaned by sonication
with toluene for 10 min to remove any excess silane (which was not chemically bonded) from it.
Finally, the surface was dried under a gentle stream of dry air/nitrogen and used for subsequent
studies.
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Figure 3.3 Schematic shows the surface modification of an oxidized silicon wafer with
dimethyldichlorosilane via chemical vapor deposition to prepare a methyl terminated
hydrophobic surface (SiO2-DMDCS).
3.2.6 Preparation of polydimethylsiloxane hydrophobic surfaces (Sylgard 184)
Sylgard 184 (part A and Part B, 10:1) was mixed thoroughly and then entrapped air was
removed by putting the mixture under vacuum for 10 min. The flat polydimethylsiloxane
80

(PDMS) surfaces (Sylgard 184) were made using a standard doctor blade method or by spin
coating (1500 rpm for 30 s) on a cleaned silicon wafer substrate. After film formation, the
surface was cured at 120°C for 30 min.
3.2.7 Surface characterization
3.2.7.1 Surface roughness and contact angle measurements
Surface roughness of the sample was checked using an aluminum coated silicon AFM
probe (Vista probe, USA) with tip size less than 10 nm [resonant frequency 190 kHz] operating
in tapping mode using Asylum AFM (MFP-3D Atomic microscope).
Wettability of different surfaces was characterized by static CA measurements. A 4-µL
water droplet was placed gently on the surface to measure CA using Drop Image software
provided with the instrument (250-F1, Rame-Hart Instruments Co, USA). At least five
measurements were taken for each surface.
3.2.7.2

Surface characterization/composition by X-ray Photoelectron Spectroscopy (XPS)
Surface chemical composition was analyzed by X-ray photoelectron spectroscopy (XPS)

using an Omicron Nanotechnology system equipped with an Al Kα X-ray source (1486.6 eV). A
hemispherical analyzer (EA-125) was operated in constant analyzer energy (CAE) mode and
equipped with a one channel electron multiplier to measure the binding energies of the emitted
photoelectrons. A surface area with a diameter less than 1.5 mm was analyzed for both survey
(0.5 eV step size) and high resolution (0.02 eV step size) scans. All spectra were referenced by
setting the C 1s peak to 284.8 eV to compensate for residual charging.

81

3.2.8 Protein Adsorption Study
3.2.8.1 Protein adsorption study by XPS
BSA, fibrinogen and lysozyme was used as model proteins in this study. BSA was
selected for its abundance in plasma/blood and for intermediate size. Fibrinogen was chosen for
its role in clotting process and the large size (MW) of the protein (see table 3.1). Lysozyme was
selected due to its higher pI (10.9) which would make the protein positively charged in the PBS
(pH 7.4, unless otherwise indicated) solution used in this study. BSA and fibrinogen would be
negatively charged in the test solution. These three proteins with different physicochemical
properties (see table 3.1) would give a good representation of the proteins present in
blood/plasma.
Protein adsorption was performed by immersing each surface into one of the following
protein solutions: 10 mg/mL (BSA), 1mg/mL (lysozyme) or 0.1 mg/mL (fibrinogen) in PBS for
a fixed time (0.5, 1, and 2h). The surface was removed and washed by one of two methods:
dipping in PBS two times and then 3 times in deionized (18 MΩ) water; or by a solvent exchange
method [two times in PBS and three times in deionized water (5 mL each)] to remove unbound
or loosely bound protein from the surface. Using the dipping method the surface was taken out
from the test solution to dip in PBS/water for washing but in the solvent exchange method the
surface remained immersed in the solvent at all times during the washing steps. Surfaces were
then air dried and XPS spectra were collected under ultra-high vacuum (< 1×10-8 torr) with high
resolution scans in the area of N 1s (~400 eV), O 1s (~532.8 eV) and C 1s-2p (~285-290 eV),
typical signals from the adsorbed protein.43 Generally a signal from N 1s was measured to
quantify the adsorbed protein on surface.44-46 Oxygen (O 1s signal) was not considered because
of the abundance of oxygen in the silicon dioxide surface making it difficult to measure the O 1s
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signal from the adsorbed protein.

The carbon (C 1s) signal was not considered as the

adventitious carbon47 interfered with the signal from adsorbed protein. As the XPS signal can
vary between scans and samples, a ratio48-52 of N 1s/Si 2p was used to compare the amount of
adsorbed protein to the underlying silicon on the various surfaces. As SBS modified surfaces
contain N 1s signal from the coating. The N 1s signal originated from the absorbed protein was
obtained by subtracting the N 1s signal from SBS coating.
3.2.8.2 Protein adsorption study by Confocal Fluorescence microscopy (CFM)
Protein adsorption on different surfaces was carried out by confocal fluorescence
microscopy (CFM). For samples preparation, a method similar to the XPS study was used. In the
CFM study, proteins were fluorescently labeled and solutions with a lower concentration, in the
range of 20-30 µg/mL of fluorescently labeled proteins [BSA and fibrinogen tagged with Alexa
fluor® 488, and Lysozyme labelled with FITC), in PBS were prepared. The CFM analysis was
performed with a Leica TSP2 laser scanning microscope (Leica Microsystem Inc., Germany). A
He/Ne laser at 488 nm was used for excitation and the emitted fluorescence signal was collected
at 510-540 nm. The Z-stack images, with 0.3 µm step size, were acquired to insure optimized
signal acquisition from the adsorbed protein and then the maximum projection was used to
measure the fluorescence intensity for each image. Image analysis was performed using the
software provided with the microscopy system to measure the fluorescence intensity. At least ten
small areas (~1500 µm2) representing the entire image were measured and used to compare the
amount of protein adsorbed on the various surfaces.
3.2.8.3 Change in wettability due to protein adsorption
The change in CA due to immersion in protein on protein solutions was measured to
obtain qualitative information of protein adsorption on various surfaces. The CA of different
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surfaces was measured after immersion for 0.5, 1 and 2 h. Surfaces were again prepared using
the same procedure as for the XPS study using a 10 mg/mL (BSA) or 0.1 mg/mL (fibrinogen)
protein solution in PBS. The CA was measured after drying the surface under a gentle stream of
nitrogen. A 4-µL water droplet was placed gently on the surfaces to measure CA using Drop
Image software provided with the goniometer (250-F1, Rame-Hart Instruments Co).
3.3. Results and Discussion
3.3.1 Characterization of various surfaces
The silicon substrate was smooth as seen from height trace image and registered 0.55 nm
RMS surface roughness (see Figure 3.4). XPS spectra of a clean SiO2 surface can be seen in
Figure 3.5. The C 1s signal at ~284.8 eV on clean SiO2 was observed from adventitious carbon
(carbon contamination from ambient air) which is usually present in all samples exposed to the
atmosphere. Signals that originated from oxygen and silicon inherent to the clean SiO2 surface
were observed at 532 (O 1s), 154.8 (Si 2s) and 102.8 (Si 2p) eV.

Figure 3.4 AFM micrograph of a cleaned silicon wafer (SiO2-control surface). a) Height trace
obtained via tapping mode at a scan rate of 1 Hz, b) 3D image of the wafer surface.
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Modified SiO2 surfaces were characterized by XPS and CA measurements. Surface
modification of a SiO2 surface with PEG-silane was evident from the XPS spectra as indicated

Figure 3.5 XPS survey spectra of clean SiO2 and SiO2 modified with methoxy(polyethyleneoxy)
propyltrimethoxysilane (PEG silane), i.e. SiO2-PEG. Insets Figures showed the appearance of C
1s signal from C-O at 286.8 eV originating from PEG moiety attached to the SiO 2 substrate.
by the increase in the C 1s signal at ~285 eV from -CH2 and appearance a new C 1s peak at
286.8 eV from C-O moieties of the PEG chain (see Figure 3.5).53-55 The CA of the PEG modified
surface (SiO2-PEG) was higher (45°±1°)56 compared to the clean SiO2 surface (CA <10°). This
increase in CA also indicates that the silicon surface was coated with PEG.
Modification of the SiO2 surface with SBS was evident from the XPS spectra shown in
Figure 3.6, with the appearance of N 1s (401.9 eV), S 2s (232.1 eV) and S 2p (167.2 eV) peaks
(originating from SBS moiety) due to chemical attachment of SBS to the surface. The CA of
water on the SBS modified SiO2 surface (SiO2-SBS) remained <10°, similar to the cleaned SiO2
surface. Due to presence of -CH2-CH2 and -O- moieties within PEG, it is amphiphilic in nature
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with moderately low surface energy whereas in case of SBS, due to presence of charge moieties,
it registers lower energy than PEG molecule. Thus SiO2-PEG surface registered higher CA
compared to SiO2-SBS surface.

Figure 3.6. XPS survey spectra of clean SiO2 and SiO2 modified with 3-(dimethyl (3(trimethoxysilyl) propyl) -ammonio) propane-1-sulfonate (SBS), i.e. SiO2-SBS. Insets show
appearance of N 1s, S 2s and S 2p peaks due to attachment of SBS to the SiO2 substrate.

Modification of a SiO2 surface with dimethyldichlorosilane (DMDCS) to make a flat
hydrophobic surface was evident from the substantial increase of the C 1s peak area at 284.8 eV
due to the presence of CH3 terminal groups (see Figure 3.7). Hydrophobization of the clean silica
surface was also evident by the change in CA from < 10° to 102° ± 1°. Low contact angle
hysteresis (CAH) ~2° was observed with this methyl terminated surface. This low CAH of the
modified surface (SiO2-DMDCS) indicates that the surface is an excellent hydrophobic surface
and uniformly coated with DMDCS by the chemical vapor deposition method.
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Figure 3.7 XPS survey spectra of clean SiO2 and SiO2 modified by chemical vapor deposition
with dimethyl dichlorosilane (DMDCS) i.e. SiO2-DMDCS. Insets show change in the C 1s due
to attachment of methyl group to the SiO2 substrate.
A hydrophobic surface was also formed on the oxidized silicon wafer by coating the
surface with PDMS. The hydrophobic PDMS surface (sylgard-184) was characterized by XPS
and CA measurement. Coating of the silica surface is indicated by an increase in signal from the
C 1s along with a decrease in the signal from the O 1s and Si 2p peaks (see Figure 3.8). The
appearance of Si 2p at ~102.6 eV is consistent with Si-CH3 bonds and indicates coverage of the
SiO2 with PDMS.47 The CA and CAH of the hydrophobic PDMS surface (sylgard-184) were
117o and 18o respectively.
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Figure 3.8 XPS survey spectra of cleaned SiO2 and PDMS coated. Inset show the increase of C
1s signal from CH3 groups of the PDMS and lowering of the Si 2p signal due to the coating of
SiO2 surface with PDMS.
3.3.2 Protein adsorption on chemically modified surfaces by XPS, CFM and CA study
3.3.2.1 Adsorption of BSA
Time dependent BSA adsorption on different SiO2 surfaces was studied by XPS. For each
type of surface, XPS spectra were recorded after 0.5, 1, and 2 h of immersion in the protein
solution. It has been seen that protein adsorption can reach 90% of the saturation value after less
than 1h.39 So reasonably, for our purpose, a 2 h time window is sufficient. 57 As can be seen from
Figure 3.9, protein adsorption reached saturation levels after approximately 0.5 h for all surfaces
and then remains almost constant up to 2 h.
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Figure 3.9 N 1s/ Si 2p peak area ratio from the adsorbed protein (BSA) as a function of time on:
cleaned SiO2 ; PEG, SBS, DMDCS and PDMS coated SiO2 surfaces as determined by XPS. The
0 h samples are the control surfaces before immersion in the protein solution.
Maximum BSA adsorption was observed on the cleaned silica (SiO2-Control) surface
whereas the minimum BSA adsorption was observed on the hydrophilic surfaces coated with
PEG (SiO2-PEG surface) and SBS moieties (SiO2-SBS surface). A relatively small amount of
BSA adsorption was observed on hydrophobic surfaces (SiO2-DMDCS and Sylgard-184)
compared to the SiO2-control. The surfaces modified with zwitterionic molecules (SBS) as well
as DMDCS showed low levels of protein adsorption, only slightly higher than a PEG-modified
surface (SiO2-PEG) (see Figure 3.9).
The time dependent adsorption of BSA on various surfaces was also studied by confocal
fluorescence microscopy (CFM) using fluorescently labeled BSA (tagged with Alexa fluor®
488) to visualize the protein adsorption on surfaces. Although the fluorescent tags could alter the
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physicochemical properties of the protein molecule, they are frequently used as model proteins to
visualize adsorption on various surfaces.57-59 Fluorescent intensity of the surfaces was
determined and used for comparing the amount of protein adsorbed as a function of surface
chemistry. Time-dependent protein adsorption up to 2 h was studied and can be seen in the time
series of CFM images in Figure 3.10 and the calculated change in fluorescence intensity in
Figure 3.11.

Figure 3.10 Confocal images of the adsorption of BSA from a 30 µg/mL fluorescently labeled
BSA (BSA Alexa fluor® 488 conjugate) solution in PBS pH 7.4 on: cleaned SiO2 ; PEG, SBS,
DMDCS and PDMS coated SiO2 surfaces immersed for 0.5, 1 and 2 h. The 0 h samples are the
control surfaces before immersion in the protein solution.
Maximum BSA adsorption was observed on the cleaned silica (SiO2-control) surfaces
(see Figure 3.10 & 3.11). Almost no BSA adsorption was observed on PEG-coated surfaces and
SBS coated surface. Only 5-20% BSA adsorption was observed on hydrophobic surfaces (SiO2DMDCS and Sylgard-184) compared to the clean silica surface. These results from CFM are
qualitatively similar to the XPS study.
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Figure 3.11 Change in fluorescence intensity due to adsorption of fluorescently labeled BSA on
the various surfaces. Fluorescence intensity was measured from images shown in Figure 3.10.
Dynamic contact analysis (DCA) has been used by many groups to study protein
adsorption-desorption on polymeric and metal surfaces.49,60,61 In this regard static CA can be
reasonably used to probe the changes in surface properties due to protein adsorption. The CA
data cannot give a quantitative measurement of the amount of protein adsorbed on the surface.
The change in CA values can provide an insight into the degree of surface coverage resulting
from protein adsorption.49
Maximum change in contact angle (CA) was observed on the cleaned silica surface
(SiO2-control), which increased from <10°, before exposure to BSA, to 45° after 0.5 h
immersion in BSA (see Figure 3.12). No change in CA was observed after 0.5 h of immersion in
protein solution, indicating that protein adsorption reached the saturation level after ~0.5 h. This
value of the CA is comparable to the CA (~42°) of a BSA thin film.49 BSA thin films were made
from a concentrated BSA solution (100 mg/mL in water) by spin coating on a clean silicon
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wafer. The CA of the films were measured to be ~40o. This increase in CA indicates coverage of
the surface with a layer of BSA. Coverage of SiO2 by BSA was also observed in CFM images
(Figure 3.10) using a less concentrated BSA solution (30 µg/mL).
Hydrophilic surfaces (SiO2-PEG and SiO2-SBS) showed almost no change in CA and
remained constant at ~43o and ~8o respectively. Since the CA of a BSA coated surface is the
same as the initial PEG treated surface (CA ~42o),62 the CA measurements cannot, by
themselves, confirm that BSA was not absorbed on the PEG coated surface. However, such a
conclusion can be made based on the confocal and XPS results. Some BSA adsorption was
observed on hydrophobic surfaces (SiO2-DMDCS and Sylgard-184) as indicated by the decrease
in CA from 117° to 104° and 100° to 82° respectively (see Figure 3.12).
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Figure 3.12 Change in CA due to the adsorption of BSA on modified surfaces from a 10 mg/mL
BSA solution in PBS after 0.5, 1, and 2 h of immersion. The 0 h samples are the control surfaces
before immersion in the protein solution.
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3.3.2.2 Adsorption of fibrinogen
Time dependent adsorption of fibrinogen from a 0.1 mg/mL solution in PBS, was studied
by XPS as a function of surface modification. The N 1s/Si 2p peak area ratio was determined,
similarly as for the BSA adsorption study described previously, to compare the amount of
protein adsorbed on each surface. Maximum fibrinogen adsorption was observed on the
hydrophilic cleaned silica (SiO2-control) surface (see Figure 3.13). Almost no fibrinogen (only
1.5-2.2 % compared to clean silica surface) was absorbed onto surfaces coated with PEG
moieties and the zwitterionic compound SBS as seen from Figure 13 after 0.5, 1 and 2 h of
immersion in

Figure 3.13 Change in N 1s/Si 2p peak area ratio due to adsorption of fibrinogen from a
0.1mg/mL solution in PBS on: cleaned SiO2; PEG, SBS, DMDCS and PDMS coated SiO2
surfaces.
protein solution. An intermediate amount of fibrinogen adsorption was observed on methyl
terminated hydrophobic surfaces (SiO2-DMDCS, CA ~ 102°) and PDMS coated hydrophobic
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surface (Sylgard 184, CA ~117°) (see Figure 3.13) as indicated by the change in the N 1s/Si 2p
peak area ratio from 0 to 1.04 and 0.52 respectively (based on average peak area ratio values
measured after 0.5, 1, 2 h).

Figure 3.14 Fluorescence images show the adsorption of fibrinogen from a 30 µg/mL Alexa
fluor® 488 fibrinogen conjugate solution in PBS on: cleaned SiO2 ; PEG, SBS, DMDCS and
PDMS coated SiO2 surfaces prepared after 0.5, 1 and 2 h of immersion. The 0 h samples are the
control surfaces before immersion in the protein solution.
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Figure 3.15 Change in fluorescence intensity due the adsorption of fluorescently labeled
fibrinogen protein on the various surfaces. Fluorescence intensity measured from images shown
in Figure 3.14.
The adsorption of fluorescently labeled fibrinogen on different surfaces was monitored
by CFM and the results are shown in Figures 3.14 & 3.15. Fibrinogen adsorption on various
chemically modified surfaces can be seen in the images shown in Figure 3.14. A clean silica
surface (SiO2-control) showed the maximum fibrinogen adsorption as indicated by the maximum
change in fluorescent intensity after 0.5 h of protein adsorption. The adsorption of fibrinogen on
the clean silica surface remained quite constant after 1 and 2 h of protein adsorption. Almost no
fibrinogen adsorption was observed on the two hydrophilic surfaces i.e. PEG coated surface
(SiO2-PEG) and zwitterionic molecule coated (SiO2-SBS) (see Figure 3.15). Methyl terminated
hydrophobic surfaces (SiO2-DMDCS and sylgrad-184) showed an intermediate amount of
fibrinogen adsorption when compared to the amount of protein adsorbed on a cleaned silica
surface (SiO2-control) and the hydrophilic PEG and SBS coated surfaces. These CFM results
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qualitatively replicate the results from the XPS study. A similar trend in two different analytical
techniques builds confidence in these results.
A third technique to assess surface fouling due to fibrinogen adsorption was measuring
the change in contact angle of the surface as function of immersion time in the protein solution.
CA measurements showed that maximum fibrinogen protein adsorption occurred on the SiO2control surface as indicated by a maximum change in CA from <10° to 78° during first 30 min of
protein adsorption (see Figure 3.16) after which the CA remained quite constant at longer times.
This result indicates that the protein adsorption reached the saturation level after 0.5 h as
observed in both XPS and CFM study (see Figure 3.13 and 3.15).

Figure 3.16 Change in contact angle (CA) due to the adsorption of fibrinogen on various
surfaces from a 0.1 mg/mL of fibrinogen solution in PBS after 0.5, 1 and 2h of immersion in
protein solution. The 0 h data are from control surfaces.
Almost no fibrinogen adsorption was observed on PEG surfaces as indicated by
negligible (0.5o, less than one standard deviation of the measurement) change the CA of the
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surface throughout the experiments. SBS modified surfaces showed almost no protein adsorption
as indicated by no change in CA upto 1 h but a small (~19o) increase in CA after 2 h indicated
some fibrinogen adsorption. Methyl terminated hydrophobic surfaces (SiO2-DMDCS) showed a
decrease of the CA from 100° to 76° due to fibrinogen adsorption on the surfaces and then
remained relatively constant. The hydrophobic PDMS surface (sylgard-184) showed an
intermediate amount of protein adsorption on the surface as indicated by lowering of the CA
from 113° to 96° after 0.5 h. These trends were observed using all three techniques (XPS, CFM
and CA) and are similar to those trends as observed for BSA.
3.3.2.3 Adsorption of lysozyme
The adsorptions of lysozyme from 1 mg/mL protein solution on various surfaces were
studied by monitoring the N 1s/Si 2p peak area ratio using XPS as for the BSA and fibrinogen
adsorption studies. Unlike BSA and fibrinogen, all the surfaces show some lysozyme protein
adsorption (see Figure 3.17). The XPS results show that maximum protein adsorption occurs on
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Figure 3.17 Change in N 1s/ Si 2p peak area ratio due to adsorption of lysozyme on: cleaned
SiO2; PEG, SBS, DMDCS and PDMS coated SiO2 surfaces after 0.5, 1 and 2h of immersion in
1.0 mg/mL of lysozyme solution in PBS.

clean hydrophilic silica substrates (SiO2-control, CA <10°). Hydrophilic PEG coated surfaces
show a substantial amount of lysozyme protein adsorption as indicated by N 1s/Si 2p area ratio
increases from 0 (0 h) to ~0.4 after 2 h. Zwitterionic molecule coated surfaces showed better
resistance to lysozyme than the SiO2-PEG surface as indicated by lowest N 1s/Si 2p peak area
ratios ~0.2 among the surfaces studied here (see Figure 3.17). Methyl terminated hydrophobic
surfaces showed levels of lysozyme adsorption similar to the SBS surface.
CFM was used to measure the adsorption of lysozyme on different surfaces of varying
wettability and chemistry from a 20 µg/mL of FITC labeled lysozyme solution in PBS is shown
in Figure 3.18 & 3.19. The experiment was performed similarly as for the BSA and fibrinogen
studies. As can be seen, maximum protein adsorption was observed on the clean silica surface.
Saturation levels of protein adsorption was observed after 0.5h of immersion as seen with the
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Figure 3.18 Confocal images of the adsorption of lysozyme from a 20 µg/mL fluorescently
(FITC) labeled lysozyme (from chicken egg)] solution in PBS pH 7.4 on: cleaned SiO2 ; PEG,
SBS, DMDCS and PDMS coated SiO2 surfaces prepared after 0.5, 1 and 2 h of the protein
adsorption. 0 h samples are the control surfaces before immersed in the protein solution.

Figure 3.19 Change in fluorescence intensity due to adsorption of FITC-488 labeled lysozyme
protein on the various surfaces. Fluorescence intensity measured from images shown in Figure
3.18.
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other model proteins. PEG coated surfaces showed almost no protein adsorption as the
fluorescence intensity of control SiO2-PEG surface (0 h data) does not change after immersion in
the lysozyme solution for 0.5 1, 2 h. The zwitterionic surface behaves similarly to the SiO2-PEG
surface. The increase in the fluorescent intensity of the two hydrophobic surfaces (SiO2-DMDCS
and Sylgard-184) was similar, increasing from 0 to 21 & 0 to 12 respectively (based on average
fluorescence intensity after 0.5, 1 and 2 h).
3.3.2.4 Summary of the protein adsorption results
Substrate surface properties such as chemistry, wettability and charge (all these properties
are hard to separate, they are linked together) play an important role in protein adsorption from
solution. Properties of the protein such as the charge, size, amino acid composition, stability of
the structure (hard e.g. lysozyme or soft e.g. BSA), and steric conformation can also affect the
amount of protein adsorbed on a surface.
The maximum amount of protein adsorption was observed on clean silica surfaces with
all three model proteins used in this study. A general observation between surface wettability and
protein adsorption suggest that less protein adsorption is observed on hydrophilic surfaces
compared to hydrophobic ones. This observation is not always true and cannot be generalized if
the hydrophilic surface is charged ones such as metal oxide and glass surfaces.63 The significant
amount of protein adsorption on the cleaned hydrophilic SiO2 surface (CA ˂ 10o) could be due to
large number of electrostatic interactions between the protein and surface charges. 64-66 These
electrostatic interactions are known to bind protein more strongly than the hydrophobic
interactions67,68 between protein and surfaces (SiO2-DMDCS and Sylgard-184) tested in this
study. The pKa (pKa= -LogKa, where, Ka is acid dissociation constant) of the surface hydroxyl
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groups of the silica substrates is usually in the range of 4 to 5.5.69 Thus in the test solution (pH
7.4), the cleaned silica surfaces remain as negatively charged.70,71 Although BSA and fibrinogen
were negatively charged in the test solution but still they can be adsorbed to the negatively
charged surfaces.39 So called soft proteins, such as BSA and fibrinogen, generally tends to
adsorb on all surfaces irrespective of their surface charges due to entropic gain through their
conformational change due to adsorption. 68,72 Thus, the soft proteins can even be adsorbed on
electrostatically repelling surfaces as seen in this study.
SiO2-PEG surfaces showed almost no protein adsorption due to steric repulsion from the
highly hydrated PEG chains attached to the surface. Also any surface charges on the SiO 2 surface
could not be accessed by the charged protein molecule because of the increased distance between
the solid surface and approaching protein (see Figure 3.20).The flexible PEG chains acts as
spacer groups. Since the attractive force between charged groups is a function of 1/d2
(Coulomb’s law; where, d is distance between charged groups). Spacer groups (PEG moieties)
with as low as three ethylene glycol repeating units (see Figure 3.1) have been shown to
essentially eliminate electrostatic attractions. 73,74 Various PEG modified surfaces are known to
be excellent protein repellent surfaces as reported by several groups.18,75-81
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Figure 3.20 Schematic showing the mechanism of protein repellency on PEG coated surface.
A substantial amount of lysozyme adsorption as observed by XPS on the otherwise inert
PEG surface was not expected (see Figure 3.17). Also this result is not consistent with the results
from CFM study (see Figure 19) which showed almost no protein adsorption. The difference
between the XPS and CFM results could be due to the differences in concentration used in these
two studies. In the XPS study, the lysozyme concentration was 1 mg/mL whereas in the CFM
study it was 20 µg/mL. At the higher concentration, multilayer lysozyme adsorption has been
observed.39,82,83 Different physiochemical properties of FITC-labeled lysozyme from the
unlabeled lysozyme due to attachment of dye molecules could also be responsible for the
observed difference in protein adsorption in these two studies. 15 However, BSA and fibrinogen
showed consistent trends on PEG surfaces by both XPS and CFM.
Zwitterionic SBS coated surfaces (SiO2-SBS) show almost no or very little protein
adsorption. The protein repellency of the SBS modified surface can be explained by considering
the thermodynamics of protein adsorption. Adsorption can only happen when ∆Gads (Gibb’s free
energy of the adsorption) is negative during the adsorption process; ∆Gads can be expressed as
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∆Gads= ∆Hads-T∆Sads, where ∆Hads = change in enthalpy, T= temperature, and ∆S ads = change in
entropy). Endothermic heat of adsorption (∆H˃0) was often reported during the adsorption
process,84,85 which indicates that the driving force originates from entropic gain.27,85

Figure 3.21 Cartoon illustrates a mechanism for protein adsorption from solution onto: a) a
negatively charged surface in aqueous solution in presence of counter ions. Due to release of
counter ions or water molecules and/or rearrangement in structure of the protein molecule at the
interface, a net positive entropy (∆S˃0) change occurs and thus protein adsorption on the surface
becomes feasible. b) On the surface coated with zwitterionic molecules, protein adsorption is
prevented as there is no entropic contributions (∆S is not positive) from release of counter ions
and water molecules.
The release or rearrangement of counter ions and water molecules from the interface and
simultaneous structural rearrangement of absorbed protein molecules contribute to the overall
positive entropy gain (∆S˃0) and thus makes the protein adsorption thermodynamically feasible
(see Figure 3.21).27 Excellent protein repellency of SBS coated nanoparticles26,27 or flat surfaces
coating with a polymer bearing SBS moieties in their side chain30,86-89 has been reported.
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Hydrophobic surfaces (SiO2-DMDCS and Sylgard-184) showed greater amount of
adsorption compared to PEG and SBS coated surfaces. Relative to cleaned SiO 2 however, the
hydrophobic surfaces adsorbed relatively little. This is consistent with previous studies.39,63,90,91
In general surfaces with moderate hydrophobicity (CA ~60-80o) were observed to adsorb the
largest amount of proteins. The hydrophobic surfaces studied here with CA of 102 and 117 o were
expected to adsorb relatively less amount of protein.41 But due to lack of quantitative data from
these experiments a direct comparison with the literature is not possible. An intermediate amount
of fibrinogen was absorbed on the hydrophobic surfaces as seen by XPS and CFM.
Fibrinogen showed higher affinity to hydrophobic surfaces as indicated by change in
fluorescence intensity, N1s/Si 2p peak ratios (see Figure 3.9, 3.11, 3.13 and 3.15). This
difference in the amount of protein adsorbed on hydrophobic surfaces is expected due to the
higher stickiness (adhesion) of fibrinogen compare to BSA which mainly arises from the
different physiochemical properties (e.g. higher molecular weight and hydrophobicity).9 A
relatively small amount of lysozyme adsorption (compared to clean silica surface, and BSA and
fibrinogen) on the hydrophobic surfaces was seen by CFM due to a weak hydrophobic
interactions between the hydrophobic surface and lysozyme. Lysozyme is a hard or rigid protein
and has less tendency to undergo structural rearrangements during adsorption on surfaces 92 and
thus is less able to conform to the surface. Methyl terminated and PDMS coated hydrophobic
surface showed levels of lysozyme adsorption similar to the SBS surface, due to less interaction
between hydrophobic surface and the rigid lysozyme.9
3.4 Conclusion
Protein resistant surfaces could be achieved by coating silica surfaces with hydrophilic
PEG or SBS molecules as indicated by BSA, fibrinogen and lysozyme protein adsorption
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experiments. Clean SiO2 surfaces (SiO2-control) showed the largest amount of protein
adsorption in all cases as shown by XPS, CFM and CA studies. This indicates that a hydrophilic
surface (clean SiO2, CA ˂10o) with good wettability can absorb significant amount of protein
when it has charge. The hydrophobic protein/surface interaction is important, but is outweighed
by the strong electrostatic interactions between protein and cleaned (charged) glass. Surface
modification of a silica surface with PEG and SBS molecule are effective for fabricating protein
resistant surfaces.
This study examines how the surface chemistry and wettability affect the protein
adsorption on a flat surface (without any roughness). In the next chapter, these findings and
techniques will be applied to study protein adsorption on complex superhydrophobic surfaces.
This approach will help us to design an effective protein repellent surface for diagnostics and
other applications where less non-specific protein adsorption is required.
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Chapter 4: Protein Adsorption on Hybrid Superhydrophobic
Surfaces Prepared by 3D Printing
Abstract
Superhydrophobic surfaces which show high water contact angles (˃ 150o) and low slip
angles (˂10o) have been explored for various applications due to their excellent self-cleaning and
non-wetting properties. Although superhydrophobic surfaces with hierarchical roughness exhibit
stable non-wetting properties in clean water, exposure to proteins or microorganisms typically
lead to wetting and a transition from the Cassie to Wenzel state. On these surfaces, initial
attachment of proteins or cells is limited to the liquid-solid interface. Over time, the amount of
surface contamination increases, which eventually leads to surface fouling and loss of
superhydrophobicity. To prevent protein/microorganism attachment on flat hydrophobic
surfaces, hydrophilic coatings have been shown to reduce interactions with proteins.
Modification of flat surfaces with polyethylene glycol or zwitterionic groups has been shown to
be especially effective at preventing protein adsorption. Fabricating superhydrophobic surfaces
with hydrophilic materials, however, is a challenging task.
Inspired by the well known natural hybrid surface, the floating leaf of Salvinia molesta,
we have developed a fabrication method to achieve superhydrophobic surfaces using hydrophilic
materials. Achieving the proper surface topography (e.g. reentrant surface features), is key to the
success of this approach. Superhydrophobic surfaces with reentrant hierarchical roughness were
fabricated using a 3-D printing method. Stable superhydrophobic properties were maintained
over extended periods of time (> five days) even when the surfaces were challenged with
concentrated bovine serum albumin protein solutions (BSA concentrations up to 1 wt. % in
PBS). The effect of surface roughness and surface chemistry on protein adsorption was studied
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by a variety of methods including contact angle goniometry and XPS. The stability of the solidliquid-air triple contact line was demonstrated using confocal microscopy with fluorescently
labelled BSA solutions. Contamination of the hydrophilic nanoparticle surfaces by siloxane
moieties, rendering their surfaces hydrophobic, was also investigated.
Keywords: Hydrophilic, Hydrophobic, Nanoparticles, Wetting, Protein resistant, Hybrid
surfaces, Biocompatible.
4.1 Introduction
Protein adsorption is the first step of a complex set of events that significantly affect the
performance and reliability of artificial devices,1-3 immunoassays,4,5 cell and tissue
manipulation,6 drug delivery systems,7-11 and biosensors.12-15 Superhydrophobic (SH) surfaces
which show water contact angles ˃150° and slip angles ˂10° have been explored for various
applications due to their excellent self-cleaning and low adhesion properties.16-18 Naturally
occurring SH surfaces (like the lotus leaf, wings of cicadas, and legs of water striders) inspired
many scientists to prepare biomimetic super repellent surfaces using various synthetic
materials.19 SH surfaces have excellent liquid repellency so droplets can be easily manipulated.
Such surfaces have been explored for making open channel microfluidics devices for diagnostics
and biomolecule analysis. Due to the reduced solid-liquid contact area, SH surfaces have the
potential to reduce the amount of protein adsorbed over an area. Thus they could improve the
signal to noise ratio and thus accuracy for different immunoassays, which are otherwise limited
by non-specific protein adsorption.20 Biomimetic SH surfaces have also been investigated for
making antifouling surfaces due to their low adhesive and reduced drag properties.21
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Biofouling of a surface usually initiates with protein adsorption which is followed by
adherence, proliferation and spreading of cells and microorganisms. Surfaces that prevent or
hinder protein adsorption can reduce cell attachment and growth and thus can act as antifouling
surfaces. Low protein adsorption has been sought for many areas, especially for surfaces that
cannot be cleaned for extended periods such as ship hulls and some biomedical devices such as
the vascular stents and urinary catheters. Biofouling of ships hulls increases fuel consumption
thus reducing performance, increasing costs and pollution. Several superhydrophobic surfaces
with hierarchical roughness showed improved resistance to protein and platelet adsorption
compared to control flat surfaces.22,23
Superhydrophobic surfaces can be prepared by introducing various scales of roughness
on a surface.25 Surface properties such as wettability26,27 and roughness26,28,29 are recognized as
the critical factors that affect initial protein adsorption and cell behavior.30 In addition these
properties can influence the conformation28,31-33 of adsorbed proteins and control the substratecell interactions in various technological applications such as biomaterials,34,35 anti-biofouling
coatings, and high throughput assays.36 It is widely accepted that a hydrophobic material or
coating is necessary to achieve superhydrophobic surfaces via various fabrication methods. Thus
on a superhydrophobic surface, due to interactions between the protein and the hydrophobic
surface, attachment of proteins or cells could occur at the contact surface between liquid and
solid. This leads to fouling of the surface and thus superhydrophobicity can be lost. Interactions
between proteins and hydrophobic surfaces were discussed in Chapter 3. Hydrophilic surfaces
that contain surfaces charges, such as clean glass, also promote protein adhesion, as discussed in
Chapter 3. Thus clean glass must also be modified to prevent protein adhesion.
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Hydrophobic and hydrophilic surfaces can be modified to be protein repellent by
chemical attachment of molecules such as oligo(ethylene glycol), mannitol, or phosphoryl
choline on the surface; such surface modification can prevent protein adsorption by reducing
charge density and/or hydrophobic interactions between the protein and the surface.37,38 Thus,
SH surfaces coated with hydrophilic molecules could be a solution to achieve stable
biocompatible superhydrophobic surfaces. However a SH surface coated uniformly with
hydrophilic molecules would be expected to lose superhydrophobicity due to wetting.
Making superhydrophobic surfaces with a hydrophilic material (which could show better
resistance to protein adsorption) is a challenging task. Usually hydrophobic materials or low
energy

coatings

on

the

hierarchically

rough

surfaces

are

necessary

to

achieve

superhydrophobicity.
Efforts have been made to make superhydrophobic surfaces from intrinsically hydrophilic
materials (Young’s angle <90°). A theoretical study to determine if superhydrophobic surfaces
could be fabricated with an intrinsically hydrophilic material was performed using pillar
nanostructures (i.e. without hierarchical roughness). Calculation of the free energy (FE) and
barrier free energy (BFE) of the composite (Cassie-Baxter state) and non-composite ( Wenzel)
states on the pillar nanostructure indicated that achieving superhydrophobic states is feasible
with large pillar heights or roughness, but it will be unstable and temporary.39 So the question
remains: how can we realize stable superhydrophobic surfaces with hydrophilic materials? The
answer lies in nature: there are plant leaves that show superhydrophobicity even though their
surface is made from hydrophilic materials. Hermingaus40 systematically showed how the
introduction of proper roughness with overhangs/re-entrant nanostructures on hydrophilic
materials can produce superhydrophobic surfaces. Micro-textured superhydrophobic surfaces
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were successfully made from hydrogen-terminated silicon surfaces by introducing overhanging
structures on the surface.41-43 Steel surfaces can be made oleophobic as well as superhydrophobic
by creating re-entrant structures by micro electric discharge machining (mEDM). 44 So far, no
systematic study to address the effect of surface chemistry and roughness to achieve
superhydrophobic biocompatible surfaces has been reported.

Figure 4.1 Illustration of reentrant or overhanging structure creates by deposition of
nanoparticles agglomerates on PDMS post surfaces. Inset shows inwards curvature, which is
essential for achieving reentrant or overhanging structure.

Here, we present a simple method to fabricate hybrid SH surfaces through the introduction of
overhangs/re-entrant structures from a combination of hydrophobic and hydrophilic materials.
The effect of surface roughness and chemistry on protein adsorption was studied on these hybrid
surfaces with the goal of designing biocompatible super-repellent surfaces for biomedical
applications. At first, a high aspect-ratio array of hydrophobic micro-posts approximately 1 mm
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tall and 0.750 mm pitch (primary roughness) was made by a 3D printing method using a
hydrophobic polydimethylsiloxane (PDMS) pre-polymer. Onto this coarse-scale rough structure,
secondary and tertiary micro/nano-scale roughness was introduced by depositing modified silica
nanoparticles on the PDMS post surfaces before they cured. The introduction of secondary and
tertiary roughness also creates the re-entrant texture (see Figure 4.1) on the surface which is
necessary to achieve superhydrophobic properties with hydrophilic materials. Three types of
nanoparticles with different chemistries and wettability were used.
4.2 Materials and methods
4.2.1 Materials
CAB-O-SIL® EH5 and TS-530 were received from the Cabot Corporation, USA. CABO-SIL® EH5 is a hydrophilic fumed silica with 7 nm average individual particle size with
agglomerate structures of 100-300 nm. CAB-O-SIL® TS-530 is a fumed silica with its surface
modified with hexamethyldisilazane and is hydrophobic in nature with 10-30 nm individual
particle size and agglomerate structures of 100-300 nm. ELASTOSIL® LR 3003/50A/B was
received

from

Wacker

Chemical,

USA.

PEG-silane:

Methoxy

(polyethyleneoxy)

propyltrimethoxysilane [C3H9O3Si(C2H4O)6-9CH3, MW: 450-600], was purchased from Gelest,
USA. Bovine serum albumin (BSA) and phosphate buffered saline (PBS, pH 7.4) were
purchased from Fisher Scientific, USA. PBS with pH 7.4 was used in this study unless otherwise
indicated. Fluorescently labelled BSA (Alexa fluor® 488 BSA conjugate) was purchased from
Life Technologies, USA. Hydrophobic porous membranes made from polytetrafluoroethylene
(PTFE) (Catalog #: FSLW 047 00, hydrophobic, 3 µm pore size, gas flow rate: 20 L/min/cm2)
were purchased from Millipore Corporation, USA.

4.2.2 Modification of EH5 with methoxy (polyethyleneoxy) propyltrimethoxysilane (PEG
silane) and its characterization
Methoxy (polyethyleneoxy) propyltrimethoxysilane (2 g or 5% w/v, based on the volume
of water) was added to a slurry of EH-5 [10 % (w/v)] prepared with DI (deionized) water and
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heated at 80°C for 12 h under vigorous stirring. After the reaction, the mixture was dialyzed
against DI water using a 3500 MW cut-off dialysis tube (Fisher Scientific, USA) for 36 h
(dialysis media was changed every 6 h) to remove the excess (unreacted) silane from the
modified silica nanoparticles. The modified EH5 was vacuum filtered (using Whatman #42 filter
paper) to separate it from the solution and then washed with DI water several times to remove
any unreacted silane. Finally, PEG modified EH5 (hereafter denoted as EH5-PEG) was dried
under vacuum at 60°C for 2 days.
Thermogravimetric analysis (TGA) and Fourier transfer infrared (FTIR) spectroscopy
were used to characterize the modified particles. TGA was performed under flowing nitrogen (60
mL/min) in the range from room temperature to 800oC on a thermogravimetric analyzer (TGA
2950, TA Instruments, USA) using the following method: from room temperature ramp to 105°C
@10°C/min; hold for 20 min and then ramp to 800°C @10°C/min. FTIR spectra were collected
by a Bruker Vertex 70V FT-IR spectrometer, operating at 4 cm-1 resolution and 64 scans using
ATR set-up fitted with a germanium crystal.

4.2.3 Protein adsorption on nanoparticles
Aqueous suspensions of the different nanoparticles (1% w/v) were prepared by sonication
(Branson 1200 ultrasonic cleaner, ∼150 W) for 10 min in PBS solution. Then BSA stock
solution (5 mg/mL in PBS) was added to the suspension to make a final protein concentration of
1 mg/mL. The suspensions were kept in a horizontal shaker (at 300 rpm) for 1 h to allow protein
adsorption on silica nanoparticles. The suspensions were then centrifuged at 14,000 rpm for 5
min to separate the suspended nanoparticles. Supernatant was collected and its absorbance at 280
nm was measured using a Perkin Elmer UV Spectrophotometer (Model 650). The absorbance of
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the supernatant solution before and after contact with nanoparticles was compared to determine
the amount of BSA adsorbed by different nanoparticles.
4.2.4 Preparation of hybrid superhydrophobic surfaces
Four types of surfaces were prepared by coating 3D printed PDMS posts with different
types of nanoparticles. The silicone (ELASTOSIL® LR 3003/50) part A and B (1:1) were
thoroughly mixed and vacuum was applied to remove any trapped air. The silicone materials
were carefully loaded into 10 cm3 polyethylene syringe barrels and then entrapped air bubbles
were removed by centrifuging the silicone-loaded barrel at 8,000 rpm for 15 min. Finally the
silicone was printed directly either on a glass substrate (glass slide cut to 2 × 2 cm) or on a
hydrophobic (PTFE) porous membrane.
Printing of silicon posts has been described previously.45 In short, a robot (Janome2203N) with 10-μm repeatability was used as an XYZ platform and trigger for a syringe
controller (EFD Performus V). A 22 gauge (i.d. of 406 μm) tapered dispensing tip was attached
to the syringe. The syringe was mounted on the robotic arm, and substrate (cleaned glass
microscope slides or porous membrane) was placed on top of the robot’s sample holder stage.
Arrays of silicone posts (15 × 15 or 20 × 20) with 750 µm pitch were printed on the substrates by
repeating the dispensing cycle program as described45. Nanoparticles were dusted on the uncured
surfaces by coating the printed post surface with a thick layer of nanoparticles; excess particles
were removed from the surface by turning the surface upside down and gently tapping on the
substrate. The dusting process was repeated three times to ensure uniform coating on the post
surface. Finally the surfaces were cured at 200°C for 20 min printed on glass slides or at 60°C
(for surfaces made on membranes) for at least 24 h. After curing the surfaces, loose particles
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were removed by applying a jet of dry air to the surface for ~2 min. All surfaces were stored at
room temperature for at least 24 hours before use, unless otherwise specified.

4.2.5 Characterization of hybrid superhydrophobic surfaces

Surfaces were characterized by light microscopy (Nikon-SMZ 1500), and FE SEM
(Amary 1910) to visualize the morphology and roughness of the surfaces. Water contact angle
(CA) and roll-off (RO) angle were measured by placing a 20µL deionized (18 MΩ) water droplet
gently on the surface. RO angle is defined as the tilt angle of the surface/goniometer stage when
the droplet starts to move on the surface and was measured by tilting the surface at a
programmed rate of 0.1 degree/s.

4.2.6 Study of protein adsorption on hybrid superhydrophobic surfaces by confocal
fluorescence microscopy (CFM)

4.2.6.1 Surfaces with closed plastron
Confocal fluorescence microscopy (CFM) was used to visualize the amount of BSA
adsorbed onto SH surfaces as function of nanoparticles type using a closed plastron set up shown
in Figure 4.2. The surfaces (printed on 25 mm × 25 mm glass substrates) were first immersed in
6 ml of PBS for 30 min in a 6-well plate and then the required volume of fluorescently labelled
BSA solution (0.6 mL of 100 µg/mL) was added to achieve a final protein concentration of 10
µg/mL. The volume of the protein solution was kept constant in each well to maintain a uniform
liquid height above the post surface. Finally, the surfaces were washed using a solvent exchange
method (two exchanges with PBS and three exchanges with water). The solvent exchange
method was used to prevent adhesion of the test protein solution on the surface by preventing the
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surface from drying between washings. At each step, 5 mL of the respective wash solvent was
added and then 5 mL solution was taken out from the well. This process was repeated 5 times as
mentioned above to wash the surface without removing it from the solution. At the final step, the
solvent (water) was completely removed from the well and the surface was dried under a gentle
stream of dry air.
After drying, the surfaces were imaged by acquiring z-stacks with a 5× objective and 512
× 512 resolution at 4µm step size to cover almost the entire post height (800-900 µm). The zstack images were then used to reconstruct the surface using IMARIS image analysis software

Figure 4.2 Closed plastron experimental set-up to study protein adsorption on post surfaces by
CFM and RO angle measurements.

(from Bitplane AG, Germany) to visualize the protein adsorption on the surfaces. Florescence
intensity of the adsorbed protein was determined by measuring the florescence intensity from
each post after subtracting the signal from background surfaces (where no protein adsorbed). To
compare the amount of protein adsorbed on various surfaces, the area for measuring the
fluorescent signal was kept the same for all surfaces. CFM parameters such as laser power, PMT
gain, scanning speed, in an experiment were kept same for each surface for comparison of the
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protein adsorption on it. But in between the experiments, these parameters were adjusted to
prevent detector saturation with the surface giving highest fluorescence signal.

4.2.6.2 Surfaces with open plastron
Fluorescently labelled BSA adsorption on the superhydrophobic surfaces was also
performed using an open plastron experimental set-up where the plastron was open to the
atmosphere via a perforated bottom wall of a 6-well plate as shown in Figure 4.3.
Superhydrophobic post surfaces were printed on PTFE membranes that were adhesively bonded
to the bottom of the well using double-sided tape. Samples for the CFM study were prepared and
analyzed similarly as for the closed plastron experiments (see Section 4.2.6.1).

Figure 4.3 Opened plastron experimental set-up to study protein adsorption on the post surface
printed on porous membrane by CFM after 1h of protein adsorption from fluorescently labelled
BSA (20 µg/mL) solution.

4.2.7 In-situ observation of surface wetting by CFM
Wetting behavior of surfaces submerged in a BSA solution was observed by confocal
fluorescence microscopy (CFM) using a custom-made chamber as shown in Figure 4.4. The
PDMS post surface printed on a porous membrane was placed on a perforated polystyrene
surface to maintain the plastron layer open to the atmosphere through the bottom chamber
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(plenum) of the assembly. A PTFE tube (i.d. 1.2 mm) was connected to the bottom chamber. An
application of a gentle vacuum with a syringe fitted to the PTFE tube was sufficient to induce
wetting of the SH surface at the end of the 2 h experiment. The surface was placed on the
perforated polystyrene base using double-sided adhesive tape. The chamber was filled slowly
with

Figure 4.4 Experimental set-up to study the wetting behavior of the SH surface while immersed
in BSA solution with the plastron open to the atmosphere.
fluorescently labelled BSA solution (10 µg/mL in PBS) using a syringe. This chamber was used
to prevent solvent evaporation during the study (evaporation usually shifts the confocal images
as the thickness of the liquid layer over the surface changes during the experiment) and to keep a
constant solution height above the surface in each study. The Z-stack images with 3 µm step size
were acquired using a 10x objective. A total scanning depth (through z-axis) of 800-850 µm was
imaged being sure to include a portion of the PDMS post and a portion of the liquid layer at the
tip of the post. The Z-stack images were used to reconstruct the surface using IMARIS image
analysis software (from Bitplane AG, Germany) to monitor the triple contact line (TCL)
movement during BSA adsorption.
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4.2.8 Roll-off angle study

Protein adsorption on superhydrophobic post surfaces was also studied using roll-off
angle (RO) measurements. Surfaces printed on glass substrates were immersed using the closed
plastron set-up in Figure 4.2 in PBS buffer solution for 30 min. Then the buffer solution was
exchanged with 6 mL of BSA solution (10 mg/mL in PBS) and the surface was kept submerged
in the solution for 1 h. Surfaces were washed similarly as for the CFM study. After drying, the
surfaces were analyzed by measuring the RO angle. The roll-off angle is a good indicator of
surface wettability which is related to the advancing (θa) and receding (θr) CA as given in
Equation 4.1.
𝟐𝐰

𝐬𝐢𝐧 𝛂 = 𝛑𝐦𝐠 𝛄𝐋𝐕 (𝐜𝐨𝐬 𝛉𝐫 − 𝐜𝐨𝐬 𝛉𝐚 )

Eq.4.1

where α, m, w, g and γLV are the tilt angle, mass of the droplet, width of the droplet-solid apparent
contact area, acceleration due to gravity and the liquid-vapor surface tension of the fluid,
respectively. Dynamic CAs, which probe the surface wettability, have been used to study protein
adsorption on various surfaces. The change in the surface wettability due to adsorption of
relatively hydrophilic protein on rough surfaces can also be probed by measuring changes in RO
angle. Hydrophobic (CA > 90o) surfaces would become less hydrophobic and an increase in the
RO angle is expected due to the adsorption of the relatively hydrophilic protein on the surface.
Highly hydrophilic surfaces with CA˂10 o (e.g. smooth clean SiO2) would become less
hydrophilic and in this case surface would be expected to register a decrease in RO angle due to
the relative hydrophobicity of the adsorbed protein. Thus changes in the RO angle can be used to
qualitatively determine the extent of protein adsorption on the post surfaces.
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4.2.9 Fabrication of post surfaces with 75-90 µm glass particles and investigation of its
hydrophobization
PDMS post surfaces with relatively large (75-90 µm) glass particles (SIL-CO-SIL® 250,
US Silica, USA) were fabricated using the same method as described in Section 4.2.4 with only
one modification in the coating process. In this case, a mixture of sodium chloride (NaCl)
crystals and glass particles (GP) of different weight ratios (NaCl to GP ratios of 1:0, 3:1, 1:1 and
0:1) were used to deposit varying degrees of coverage of glass particles on the posts. The NaCl
was food grade table salt with average particle size of ~70 µm. The surfaces were cured at 90oC
for 30 min. After initial cure, NaCl crystals were removed from the post surfaces by washing
them with water under sonication for 20 min. Subsequently surfaces were rinsed with fresh water
several times to make sure there was no trace of sodium chloride on the surfaces.
The surfaces free of NaCl crystals were transferred to an oven maintained at 60°C and
taken out at 3, 24 and 48 h counting from the surface fabrication time (i.e. when surface printing
and subsequent coating was finished) to measure the RO angles. Zero time (i.e. time 0 h) count
start from the moment when the surface printing and coating process were completed. After the
completion of the above 48 h (including 30 min for curing, time for washing and time at oven)
surfaces were then stored at room temperature for another 48 h.The RO angles obtained at 3, 24,
48 and 96 h were plotted against time to investigate the change in wettability (or
hydrophobization) of the surfaces. The RO angle was measured using a 20µL water droplet as
described in Section 4.2.5.
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4.3 Results and discussion
4.3.1 Modification of EH5 with methoxy (polyethyleneoxy) propyltrimethoxysilane (PEG
silane)
Modification of EH5 with PEG was confirmed by FTIR spectra by the appearance of the
-CH2 stretching band (~2938 and 2870 cm-1) and the C-O peak (~1457 cm-1) from the PEG
silane moieties as shown in Figure 4.5. The surface coating efficiency was determined from
weight loss using TGA. First weight loss (~1.8 %) at ~105oC was observed due to loss of
moisture from the PEG modified nanoparticles. Second weight loss event was observed at
~425oC with a 13.6 % weight loss due to loss of PEG coating (See Figure 4.6). Number of moles
of PEG attached to each gram of EH5 was 2.3 × 10-3. The number of moles of PEG moiety
attached per unit surface area (considering EH5 surface area of 380 m2/g) was calculated to be

Figure 4.5 FTIR absorption spectra of EH5, PEG-silane and EH5-PEG to show the attachment
of the PEG moieties to silica (EH5) nanoparticles.
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0.90 (± 0.06, n=3) µmol/m2. The surface coverage of the EH5 particle with PEG molecules was
determined to be ~68 % (considering the radius of gyration of a PEG moiety in water is 0.630
nm and that the EH5 remains as individual particles during the modification process). To check
the success of PEG coating process, the protein adsorption on the PEG modified nanoparticles
(EH5-PEG) was studied by solution depletion method (see Section 4.3.2).

Figure 4.6 Thermogravimetric analysis (TGA) of EH5-PEG nanoparticles to characterize the
coating of EH5 with PEG.
4.3.2 Protein adsorption on nanoparticles
Protein adsorption on nanoparticles was studied as a function of surface treatment using a
solution depletion method. The change in the absorbance at 280 nm of the supernatant solution
was monitored after 1 h of protein adsorption on various nanoparticles as shown in the Figure
4.7. PEG modified EH5 showed almost no protein adsorption as shown by only a 1.5% decrease
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in absorbance of the supernatant after 1 h whereas unmodified EH5 adsorbed the maximum
amount of protein as registered by a 29 % decrease. This result is consistent with PEG coated
smooth SiO2 surfaces (Chapter 3) which also showed almost no BSA adsorption as seen using
XPS and CFM. TS-530 nanoparticles showed almost no protein adsorption (no change in
absorbance) as they are not wetted by the aqueous protein solution; the TS-530 particles floated
on the aqueous solution with a negligible area of contact with the solution.

Figure 4.7 Absorbance of supernatant at 280 nm vs immersion time as a function of
nanoparticles surface treatment. Decreased absorbance is due to adsorption of protein onto the
nanoparticle surface.

4.3.3 Superhydrophobicity of the hybrid PDMS post surfaces
The surfaces prepared by 3D printing are shown in Figure 4.8. Overall, the surfaces were
fabricated with good uniformity. Four different types of PDMS printed post surfaces were
prepared using Wacker silicone with different types of particles: no particles (W), untreated
silica nanoparticles (W_EH5), PEG modified silica nanoparticles (W_EH5-PEG) and
hydrophobic silica nanoparticles (W_TS-530). Details of the surface coating morphology and
surface roughness therein can be seen in Figure 4.9. A summary of the surface feature size and
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their apparent static contact angles (CA) and roll-off angles is shown in Table 4.1. All surfaces
prepared by 3D printing and subsequent coating method support 20µL water droplets in a
Cassie-Baxter state as shown in Figure 4.10. Surface without particles (W) showed an apparent
CA ~139° and roll-off angle of 48°. Although the EH5 particles are hydrophilic, when
incorporated into the high aspect ratio PDMS posts, superhydrophobic behavior was achieved
with high apparent contact angle (~150°) and low roll-off angle (~5°) as shown in Figure 4.10b.
Table 4.1 Properties of the PDMS post surfaces used for the protein adsorption study.

Surfacea
W
W_EH5
W_EH5-PEG
W_TS-530

Size of
Post
array pitch/µm
15 × 15
750
15 × 15
750
15 × 15
750
15 × 15
750

Height of the
post/µm
942±6
957±5
897±6
902±8

Apparent
contact
angle/Degree
139 ± 20
150 ± 8
152±7
152±7

Roll-off or
Slip
Angle/Degree
48±3
5±2
7±1
3±0

Figure 4.8 Optical images of PDMS post surfaces: a & e: W; b & f: W_EH5; c & g: W_EH5PEG; and d & h: W-TS-530. Upper row (top view) and bottom row (side view).
Similar CA and RO angle values were observed for other nanoparticle coated PDMS surfaces.
Small differences in RO angle between W_EH5 and W_EH5-PEG may be due to differences in
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surface coverage of nanoparticles (compare Figure 4.9d and 4.9f). Hydrophobic nanoparticles
(TS-530) result in the lowest RO angle values.
These wetting values indicate that the introduction of hierarchical surface roughness is
the key factor to achieve a superhydrophobic surface. The secondary and tertiary roughness with
re-entrant structures, which are created by nanoparticles agglomerates partially embedded into
the PDMS as seen in Figure 4.8 d, f & h, increase the CA and reduce the RO angles compared to
the smooth, uncoated, PDMS post surfaces.

Figure 4.9 SEM images of PDMS posts created by 3D printing with and without subsequent
coating with nanoparticles: a) without any particles (W), c) coated with EH5 nanoparticles
(W_EH5), e) coated with EH5 nanoparticles modified with PEG (W_EH5-PEG), g) coated with
TS-530 nanoparticles (W_TS-530). Panels b, d, f, and h are higher magnification images of
panels a, c, e, and g, respectively. Surfaces were tilted at 40-45°.
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Figure 4.10 Representative images of a 20 µL water droplet on different post surfaces showing a
droplet in a stable Cassie-Baxter state: a) W, b) W_EH5, c) W_EH5-PEG, and d) W_TS-530.
How can the hydrophilic particles produce a superhydrophobic surface with such a very
low roll-off angle (~5°)? If the particles are hydrophilic, the roll-off angle is expected to be much
higher. One explanation may be that the hydrophilic surface becomes contaminated from PDMS
that makes the hydrophilic EH5 nanoparticles attached to PDMS hydrophobic. This hypothesis is
addressed in Section 4.3.9.
4.3.4 Protein adsorption on hybrid superhydrophobic surfaces – Closed Plastron
Visualization of protein adsorbed onto surfaces with closed plastrons, after washing and
drying, can be seen in Figure 4.11. All surfaces, except the W surface, show superhydrophobic
properties when immersed in protein solution. Surfaces without any particles (W surface)
showed some protein adsorption as can be seen from Figure 4.11a and as indicated by a
fluorescence signal of 17.5 ± 6.4 from the adsorbed protein. More protein adsorption (than W
surface) was observed on the W_EH5 surface with a fluorescence signal of 27.4 ± 15.5. Intense
and highly localized fluorescence regions are found only at the very tip of the post; the remainder
of the surface exhibits essentially no fluorescence above the background. The intensity of the
fluorescence is such that the emitted fluorescence signal bleeds across adjacent slices accounting
for the odd-shaped bright features observed in Figure 4.11b.
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For the surface coated with hydrophilic nanoparticles, W_EH5-PEG, (Figure 4.11c)
protein adsorption is higher than W_EH5 (as indicated by a fluorescence intensity of 39.0 ±
12.6) and observed over a larger area than either the W-EH5 or the W-TS-530 surfaces. Coating
a larger area implies a larger liquid-solid contact area. The fluorescence intensity from the
absorbed protein on W_EH5-PEG surface was higher than that obtained from W_EH5 surface.
This value is much higher than would have been predicted, based on the results reported for
nanoparticle dispersions (Section 4.3.2) and solid surfaces in the previous chapter (Section
3.3.2.1 in Chapter 3). As the change in surface fluorescence intensity from the adsorbed protein
was determined from same amount of area for all surfaces, the maximum fluorescence intensity
(~ 39) was observed with the W_EH5-PEG surface.

Figure 4.11 Protein adsorbed onto closed-plastron SH surfaces after immersion in fluorescently
labeled BSA solution for 1 h (followed by washing and drying). 3D surface reconstructions from
z-stack CFM images: a) W, b) W_EH5, c) W_EH5-PEG, d) W_TS-530.

For the SH surface fabricated with hydrophobic (TS-530) nanoparticles, the confocal
fluorescence images showed a very low amount of protein adsorption (Figure 4.11d). A distinct
but relatively weak fluorescence signal of 9.0 ± 5.1 can be observed at the tips of the posts. The
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fluorescence pattern is uniform across the entire W_TS-530 array of posts. This indicates that
during immersion, the solution touches only the tips of the posts.
4.3.5 Protein adsorption on hybrid superhydrophobic surfaces – Open Plastron
Protein adsorption on the SH post surfaces with an open plastron set-up showed a similar
trend as observed with the closed plastron experiment. The surface without any particles (surface
W) showed very little protein adsorption (fluorescence intensity 1.8 ± 1.1) as shown in Figure
4.12a. Superhydrophobic W_EH5 surfaces showed some amount of protein adsorption as
determined a fluorescence intensity of 5.6 ± 2.5. The maximum amount of protein was adsorbed
on the W_EH5-PEG surfaces as shown in the Figure 4.12c and registered by a fluorescence
intensity of 23.0 ± 7.3. In contrast, the surface made with hydrophobic particles, W_TS-530,
exhibits lower protein adsorption as indicated by a fluorescence intensity of only 3.9 ± 1.9.

Figure 4.12 Protein adsorbed onto open-plastron SH surfaces after immersion in fluorescently
labeled BSA solution for 1 h (followed by washing and drying). PDMS post surfaces printed on
porous PTFE membranes. 3D surface reconstructions from z-stack CFM images: a) W, b)
W_EH5, c) W_EH5-PEG, d) W_TS-530.
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The W_EH5 superhydrophobic surface minimizes the contact area between solution and
surface as shown in Figure 4.12b although intense fluorescence signal was observed from a small
area of the tip of the post. But due to the deeper penetration of the TCL into the W_EH5-PEG
surface, a larger wetted surface area and maximum amount of protein adsorption results. The
main difference was observed in the liquid meniscus penetration depth, i.e. how deep the liquid
layer (or TCL) penetrates the surface when immersed in the protein solution. Open plastron setup usually showed higher liquid penetration depth when compared with closed plastron as seen
from Figures 4.11c & 4.12c. This would be expected as the higher gas pressure in a closed
plastron would resist TCL decent. However the trends of surface treatment on BSA adsorption
are similar for the two experiments.
4.3.6 In-Situ CFM imaging of protein adsorption on hybrid superhydrophobic surfaces –
Open Plastron
Protein adsorption on the surfaces after their immersion for 30 min in protein solution
(i.e. without removing the surface from solution) was investigated to see whether there was any
effect of surface washing on protein adsorption. A similar trend, as open plastron surfaces, in
protein adsorption was observed (see Figure 4.13). Surface W showed some protein adsorption
as shown by a fluorescence intensity of 3.4 ± 3.3. An intermediate amount of protein adsorption
was observed on the W_EH5 surface and fluorescence intensity was measured to be 8.3 ± 6.6.
The maximum amount of protein adsorption was observed on the W_EH5-PEG surface which
was showed by fluorescence intensity of 15.1 ± 7.8. Interestingly, superhydrophobic surfaces
made with TS-530 nanoparticles were shown to absorb a similar amount of protein as W_EH5PEG surfaces as registered by a fluorescence intensity of 14.7 ± 7.

135

The small amount of BSA adsorption on W surfaces is consistent with the observations
from the wetting study with an open plastron set up (see Section 4.3.7). Almost no protein
adsorption on the post surfaces was visible even after 2 h of immersion in that case. However,
some visible BSA adsorption was observed on flat PDMS surfaces in the previous chapter
(Section 3.3.2.1). This difference could result from the CFM parameters used in this experiment;
to compare the protein adsorption on different surfaces we have to set the CFM parameters (e.g.
laser power and PMT gain) to such a point that detector saturation would not be achieved even
on the surface that adsorbed the maximum amount of protein while imaging (i.e. W_EH5-PEG).
Protein adsorption on the surface coated with EH5-PEG particles showed the maximum
amount of protein adsorption due to its larger area of contact with the protein solution (see
Figure 13c). As discussed in Section 4.3.7, the liquid meniscus in the W_EH5-PEG surface
penetrated deeper into the plastron than on other nanoparticle coated surfaces due to the less
prevalent TCL pining effect from complete and uniform surface coverage of the PDMS post by
hydrophilic nanoparticles. On this uniformly coated surface (W_EH5-PEG), the liquid meniscus
could move down the post surface, as it does not encounter a large energy barrier due to uniform
wettability of the surface and less effective reentrant structures. But in EH5 coated surface
(W_EH5), the post is coated with hydrophilic particles in such a way that that the PDMS post
surface is partially exposed in areas that may result in a locally higher energy barrier where post
meets particle. Also nanoparticles agglomerates create reentrant structures with discontinuous
wettability along the post depth. Interestingly, similar amount of protein adsorption on W_TS530 was observed when compared with the W_EH5-PEG surfaces.
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Figure 4.13 3D surface images show adsorption of fluorescently labelled BSA (10 µg/mL in
PBS) on superhydrophobic post surfaces printed on porous membranes after 1 h immersion in
the protein solution: a) W, b) W_EH5, c) W_EH5-PEG, d) W_TS-530.

4.3.7 Wetting of superhydrophobic PDMS post surface during protein adsorption
The wetting behavior and movement of the TCL line when exposed to a BSA solution are
shown in Figure 4.14 for the four different surfaces used in this study. Post surface, W, showed a
large depth of penetration (~450 µm) when immersed in a 10 µg/mL fluorescently labelled BSA
solution. Figure 4.14a demonstrates that within the first 8 minutes of protein exposure, the
plastron assumes a stable position approximately halfway down into the surface. Because of the
conical shape of the PDMS posts, the TCL elongates as the fluid descends into the plastron. The
progressively longer TCL creates an increasingly larger energy barrier to further liquid
penetration. No TCL movement was observed after longer immersion times (up to 2 h) in the
BSA solution. Complete wetting of the surface by the fluid (i.e. attaining of the Wenzel state)
can only be achieved by drawing a vacuum in the plenum below the porous membrane. The
image on the right side of Figure 4.14a shows the fully wetted surface so that the entire profile of
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the PDMS posts is revealed for comparison – the false color is changed to red to highlight the
forced, as opposed to natural, wetting of the surface. The large solid-liquid contact area is
consistent with the weak superhydrophobic properties as manifested by the low CA (139°) and
high RO angle (48°). In Figure 4.14a, a weak fluorescent signal was seen on the PDMS post
surface in contact with the BSA solution. A few brighter regions were observed near the tips in
Figure 4.14a that could be due to presence of surface contaminants.

Figure 4.14 Sectional images of superhydrophobic post surfaces printed on porous membrane
show the wetting while immersed in protein solution over 2 h (green color images) and after
forced wetting (red color image). 3D surface reconstructions from z-stack CFM images: a) W,
b) W_EH5, c) W_EH5-PEG, d) W_TS-530.

On the W_EH5 surface (Figure 4.14b) wetting was less, as the liquid penetrated only
~200 µm down the posts. The secondary roughness stabilizes the TCL at a smaller post diameter,
even with hydrophilic EH5 nanoparticles. Protein adsorption on the surface can be seen from the
appearance of fluorescence signals from the tip of the posts in contact with the solution (see
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Figure 4.14b, 8 min image). Over the course of the experiment, the florescence signal from this
area, where the solution and post contact, becomes stronger as can be seen from Figure 4.14b at
60 and 120 min. A few intense regions of fluorescence are seen at the post tips where light
bleeds across slices. A very small (~10 µm) downwards movement of the TCL was observed
over this time frame (i.e. 2h). Thus the TCL position is stable, even as protein is adsorbed onto
the surface.
The W_EH5-PEG surface showed a larger wetted area than the W-EH5 surface as can be
seen in Figure 4.14c. The liquid layer penetrated 350 µm below the post tip. A uniform
fluorescence signal from the adsorbed protein indicates a complete wetting of this area. The
liquid meniscus did not show any noticeable movement along the post surface due to protein
adsorption on it.
The W_TS-530 surface showed the lowest TCL penetration depth (~150 µm) when
immersed in the protein solution. Only a minor amount of protein adsorption at the tips of the
posts was observed over the course of the experiment as seen from the florescence intensity.
Essentially no movement of the liquid meniscus during the 2 hours of immersion was observed.
This indicates that a stable superhydrophobic surface using hydrophobic (TS-530) nanoparticles
could be formed that absorbs a minimal amount of protein.
4.3.8 Study of protein absorption by roll-off angle measurements
Surfaces coated with nanoparticles remained superhydrophobic after protein adsorption
for 1 h as indicated by stable Cassie-Baxter droplet formation. The change in roll-off angle on
the surfaces depends upon the type of particle embedded into the surface, as shown in Figure
4.15. Post surface (W) without any particles began with the highest RO angle of any surface due
to the deep penetration of the TCL into the plastron. This surface also showed a significant
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increase in the RO angle from 48° to 81° after 1 h of immersion in BSA followed by washing
and drying. This high RO indicates partial or complete wetting of the surface after protein
adsorption. As can be seen from Figure 4.15, almost no change in RO of the W_EH5 surface was
observed after 1 h of immersion in protein solution. Protein is adsorbed on the W-EH5 surface
(see Figure 4.11a); however the TCL does not descend appreciably as shown in Figure 4.14b.
This indicates that a change in the TCL depth has a greater impact on RO than the amount of
protein adsorbed on the W-EH5 surface.
The RO angle of the W_EH5-PEG surface increased from 7° to 10°. This 3° increase in
RO angle is more than for the EH5 surface, but still relatively small. This higher value of the RO
angle may be due to the deeper penetration of the TCL (Fig 4.14c) into the plastron. Similarly, a
2° increase in RO angle of the W_TS-530 was observed. This RO value is similar to the W-EH5
surface and the TCL descends approximately the same amount as the W-EH5 surfaces (Fig 4.14
b and d). The change in RO for the W-TS-530 surface is small and within the variance of the
experiment.
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Figure 4.15 Bar chart shows the change in roll-off angle due to protein adsorption on different
surfaces due to immersion of the surfaces in BSA solution (10 mg/mL) for 1 h.
For surfaces with hierarchical roughness fabricated using nanoparticles, protein absorption leads
to relatively small changes in RO angle. Hydrophilic particles exhibit the same small increase in
RO angle as do surfaces fabricated using hydrophobic nanoparticles. However, the surfaces
fabricated using only the PDMS exhibits a large increase in RO angle; such that the droplets wet
or become pinned on the surface.
4.3.9 Discussion of protein adsorption results
The difference between the behaviors of hydrophilic nanoparticle-PDMS surfaces when
compared with flat surfaces (chapter 3) or nanoparticles suspensions with the same particles
could result from several factors including surface roughness, agglomeration of the nanoparticles
and contamination by PDMS. It can be visualized that in suspension (as in case of solution
depletion method) nanoparticles can remain as individual or less agglomerated particles and thus
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hydrated PEG chains can more effectively prevent protein adsorption by repelling the incoming
protein from the surface. On the other hand, the presence of nano/micro-cavities in the W_EH5PEG surface, (see Figure 4.9f) could contribute to enhanced protein adsorption on a hydrophilic
W_EH5-PEG surface. Contamination from the PDMS prepolymer could modify both the surface
chemistry and roughness promoting a substantial amount of protein adsorption. Surface
contamination with a hydrophobic molecule can impair the protein repellency of the PEG
coating. The unexpected resistance to wetting of the W_EH5 surface, as seen in Figure 4.14b
compared to the W_EH5-PEG coated surface is consistent with hydrophobic EH5 particles.
For closed plastron surfaces, the amount of protein adsorption was following this trend:
TS-530 < W < EH5 < EH5-PEG with corresponding fluorescence intensity of 9.0, 17.5, 27.4 and
39 from the adsorbed protein. The minimum amount of protein adsorption (fluorescence
intensity of 9.0) was observed on W_TS-530 due to its excellent non-wetting properties when
immersed in protein solution as indicated by wetting study. Due to the partial wetting of the W
surface, protein adsorption occurred over the larger area and showed an intermediate amount of
protein adsorption. The fluorescence intensity was measured to be 17.5 on the W surface. A
substantial amount of protein adsorption on W_EH5 surfaces was observed with fluorescence
intensity of 27.4. But interestingly W_EH5-PEG surfaces showed the maximum amount of
protein adsorption with a fluorescence intensity of 39. Protein coats a larger area compared to
W_EH5 surfaces. This difference might be come from the wetting pattern of these surfaces
(W_EH5 and W_EH5-PEG) as seen from Section 4.3.7.
Surfaces with an open plastron showed similar trends as follows: W < TS-530 < EH5 <
EH5 < EH5-PEG with corresponding fluorescence intensity of 1.8 < 3.9 < 5.6 < 23.0, as with
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one exception when compared with the closed plastron surfaces. In this case, the surface without
any particles showed minimum amount of protein adsorption instead of TS-530.
The protein adsorption on various surfaces from in-situ confocal images followed the
trends as given below: W < EH5 < TS-530 ~ EH5-PEG with fluorescence intensity of 3.4, 8.3,
14.7, and 15.1 from the adsorbed protein respectively. This trend is similar to the open plastron
surfaces, except for the large increase in protein adsorption on the TS-530 surface. Similar
amount of protein adsorption was observed on the both W_TS-530 and E_EH5-PEG surface.
The protein adsorption on W_TS-530 surfaces was observed over a larger area in this experiment
than in the previous ones (i.e. closed plastron and open plastron after washing) as can be seen by
comparing Figures 4.11d, 4.12d and 4.13d. This difference could be due to the washing step and
protein adsorption only run for 30 min; loosely bound protein can be lost during the washing
process. If the protein can be washed away, differences between in-situ imaging vs imaging
after surface washing would be expected.
The observation that surfaces coated with PEG modified glass nanoparticles (W_EH5PEG) adsorbed the largest amount of protein is most surprising. PEG modification of flat SiO2
surfaces were shown to be the most effective at repelling BSA adsorption in Chapter 3.

The

potential for contamination of the PEG coating is discussed in the next section (4.3.10).
4.3.10 Investigation of hydrophobization of the hydrophilic particles on post surfaces
Post surfaces coated with hydrophilic particles [nanoparticles (EH5) and micron-sized
glass particles (GP)] were investigated to confirm if there is any change in the intrinsic
wettability of the hydrophilic material due to contamination from the PDMS prepolymer.
Conventional methods to study contamination (e.g. FTIR and XPS) are difficult to implement
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due to the small size of the nanoparticles and chemical similarity between the SiO 2 particles and
the –[SiO(CH3)2]n- polymer. Hence, two other methods were used. The first method is to
fabricate the post surfaces with larger GP with average diameter of 75-90 µm so that only a
small portion of the particles would be in direct contact with PDMS posts. Contamination from
direct contact with the PDMS prepolymer could be minimized and contamination from volatile
or mobile hydrophobic molecules would be studied as a function of time. The second method is
to make the surface with hydrophilic EH5 (see Section 4.2.3) particles and then investigate if
there is any change in the wettability of the surface during curing and storage.

Figure 4.16 SEM images of PDMS post surfaces created by 3D printing and subsequent coating
with different ratios of NaCl: GPs or silica nanoparticles (EH5): a) NaCl particles only to create
a rough surface (W-NaCl), c) a mixture of NaCl and GP with a ratio of 3:1 (W_GP_1), e) a
mixture of NaCl and GP with a ratio of 1:1 (W_GP_2), g) only GPs (W_GP_3), h) post surface
coated with EH5 particles. Panels b, d, f, h, and j are images with higher magnification of panels
a, c, e, g and i respectively. Surfaces were tilted at 40°.
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SEM images of surfaces used to study hydrophobization from PDMS prepolymer are
shown in Figure 4.16. Wettability of the surfaces at various stages of curing and storage was
characterized by measuring their RO angle with a 20µL water droplet as shown in Figure 4.17.
The RO could be related to the surface chemistry and roughness through the advancing and
receding contact angle (see Eq.4.1): lowering the RO angle indicates an increase in
hydrophobicity of the surface.
The surface W-NaCl, without any glass particles, showed an RO angle of 44° after 3 h
and remained the same up to 96 h after the preparation of the surface as shown in Figure 4.17.
This indicates no change in wettability of this surface occurred during curing and storage.
Surface W_GP_1 coated with very few hydrophilic glass particles (see Figure 4.16c, d) showed a
higher RO angle (48°) than the surface without any particles (RO ~ 44°) after 3 h. The higher RO
angle of the W_GP_1 surface is expected due to the presence of hydrophilic particles on the
background hydrophobic surface. As the number of hydrophilic particles covering the post
surface increases (see Figure 4.16g, h), the RO angle of the surfaces also increases. The value of
the RO angle for W_GP_2 is 78°. When the surface was covered completely with the glass
particles, the roll-off angle of the surface W_GP_3 was registered to be greater than 90° (i.e. the
droplet stuck to the surface even at 90° tilt of the surface).
These results were also supported by the wetting state of the droplet attained during
placement of a 20µL water droplet on the various surfaces as shown in Figure 4.18. A water
droplet on the W_GP_3 surface after 3 h of curing wetted the surface fully. The water droplet
fully wetted the post, touching the surface without leaving any air layer between the droplet and
the surface. No light was visible at the contact area between droplet and surface (Figure 4.18d-iiii). The water droplet realized a non-wetting state (i.e. the Cassie-Baxter state) or partially
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wetted state on the surfaces coated with fewer glass particles (i.e. the surface W_GP_1 and
W_GP_2), as indicated by the high RO angle after 3 h (see Figure 4.17). This observation was
also confirmed by the clearly visible air layer between the droplet and surface under it (Fig 4.18
b & c). This non-wetting state was also indicated by the lower roll-off angle on the W_GP_1 and
W_GP_2 surface compared to W_GP_3 (see Figure 4.18b, c, & d).
Thus as the concentration of hydrophilic glass particles on the PDMS post surface
increases, water is better able to wet the surface, leading to higher RO angles and deeper
penetration of the TCL. Spaces between particles along the post expose the hydrophobic PDMS
which is able to effectively pin the TCL and limit wetting.
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Figure 4.17 Change in roll-off angle of different PDMS post surfaces during curing and storage
up to 96 h.
All surfaces made with hydrophilic particles showed a decrease in RO angle vs storage
time (see Figure 4.17) which indicates that the glass particle surface become progressively more
hydrophobic during curing and storage. The W_GP_3 surface, on which droplets fully wetted on
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contact, became sufficiently hydrophobic over time that roll-off angles could be measured.
Similarly, the EH5 nanoparticles showed a higher RO after fabrication (33o) and decreased to
~7o after only 24 h.

Figure 4.18 CCD camera images of a 20 µL water droplet on different surfaces during its curing
and storage to show the wetting state of the droplet. PDMS post surfaces: a) W-NaCl; b)
W_GP_1; c) W_GP_2; d) W_GP_3; e) W_EH5. Row i-iv represents the corresponding surfaces
with water droplet after 3, 24, 48, and 96 h of surface fabrication.

This hydrophobization of the surfaces is most likely due to coating of the hydrophilic
particles (e.g. EH5 and GP) with hydrophobic molecules from PDMS prepolymer. An alternative
source of contamination would be from the laboratory environment. These results raise some
questions as to whether or not the superhydrophobic surfaces prepared with hydrophilic particles
really have exposed hydrophilic surfaces. Results from Figure 17 imply that EH5 surfaces
become hydrophobic within 24 h after curing. Since all the surfaces studied were stored for >24
h before the start of the protein adsorption experiments, we can assume that all W_EH5 results
were for hydrophobic nanoparticle surfaces. Post surfaces made from EH5 and PEG modified
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EH5 particles using confocal fluorescence microscopy showed significant amounts of protein
adsorption (see Section 4.3.5 to 4.3.7). These protein adsorption results are consistent with a
hydrophobic surface. Lower or almost no protein adsorption on EH5-PEG surfaces was expected
as indicated from flat Si-treated surfaces (Chapter 3) as well as by the solution depletion method
(see Sections 4.2.3 and 4.3.2). Thus PDMS contamination of EH5 and EH5-PEG surfaces
precludes the ability to study effect of hydrophilic particles on protein adsorption.

4.4 Conclusion
Superhydrophobic surfaces coated with nanoparticles can be successfully prepared by 3D
printing and introduction of hierarchical surface roughness using a simple dusting method. An
improved protein repellent surface could be obtained by reducing the surface-liquid contact area
as seen with the W_EH5 and W_TS-530 surfaces. These superhydrophobic surfaces can
maintain superhydrophobicity after being challenged with a BSA solution for over 2 h. The
hierarchical roughness was primarily responsible for the stable superhydrophobic properties.
Stable superhydrophobic properties were observed even when the plastron was vented to
atmospheric pressure.

PDMS surfaces without nanoparticles adsorbed the least amount of

protein, however these surfaces did not exhibit a stable Cassie-Baxter state and droplets were not
mobile on the surface.
Such superhydrophobic surfaces with hierarchical roughness could be useful for
manipulation of aqueous protein droplets/solutions in various applications like microfluidics and
diagnostics. These types of superhydrophobic surfaces printed on micro-porous membranes may
be useful in blood-contacting medical equipment, such as heart-lung machines.
However, attempts to further reduce protein adsorption through the introduction of
protein-resistant nanoparticles (i.e. nanoparticles coated with PEG moieties) proved
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unsuccessful. All hydrophilic nanoparticles that are in contact with PDMS become coated with
hydrophobic moieties. As a result of this hydrophobic coating, the PEG-coated nanoparticles not
only lose their protein-repellent properties, SH surfaces made with these particles adsorb more
protein than untreated glass or hydrophobic glass nanoparticles. Increased agglomeration of the
PEG treated nanoparticles may also have increased the wettability of these surfaces and thus
increased the amount of protein adsorbed.
My future plan is to develop an alternative fabrication method to achieve
superhydrophobic surfaces without affecting the wettability of the coating material. I also have
further plans to study protein absorption from blood serum, plasma, and whole blood to validate
the potential of the surfaces in various biomedical applications.
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